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During recent development, it has been demonstrated that cerium oxide nanoparticles (CNPs) have 
exhibited catalytic activity which mimics naturally existing enzymes such as superoxide dismutase 
(SOD) and catalase. The underlying mechanism is attributed to the modulation of oxygen 
vacancies on CNPs lattice by dynamic switching of the oxidation states between Ce3+ and Ce4+ 
due to the electron transfer resulting from the redox reaction between CNPs and reactive oxygen 
species such as hydrogen peroxide (H2O2). Thereby the redox potential of CNPs is dependent on 
the surface chemistry i.e. the surface concentration of Ce3+ and Ce4+ Currently, the ratio of Ce3+/ 
Ce4+ in CNPs is characterized ex-situ using XPS or TEM which involves sample drying and 
exposure to high energy X-rays and electron beam, respectively. Sample drying and high energy 
beam exposure could lead to sample deterioration. The goal of the study is to explore a technique 
to characterize CNPs in-situ and identify the surface chemistry of CNPs. The in-situ investigation 
of CNPs was carried using spectroelectrochemistry wherein the electrochemical and optical 
measurements are carried out simultaneously. Detailed optical characterization of two different 
CNPs having different catalytic activity were carried under oxidation and reduction environments. 
Analysis of spectra revealed widely different redox potential for CNPs which was a function of 
pH and composition of buffer solution.  
In second part of dissertation a suitable surface chemistry of CNPs is investigated to replace the 
enzyme in biosensor assembly to allow amperometric detection of H2O2 in physiological 
conditions. Upon electrochemical investigation of the physio-chemical properties of CNPs, it was 
found that CNPs having higher surface concentration of Ce4+ as compared to Ce3+ oxidation states, 
demonstrated increased catalytic activity towards H2O2. The addition of CNPs resulted in 5 orders 
  
of increment in amperometric current with a response time of 400 msec towards detection of H2O2 
and exhibited excellent selectivity in presence of interfering species. Additionally, cerium oxide 
was successfully integrated into the biosensor assembly through the anodic electrodeposition, 
which allowed the transfer of electron generated from the CNPs in the redox reaction to the 
electrode and demonstrated successful sensing of H2O2. Furthermore, to achieve detection of H2O2 
in physiological conditions, CNPs were integrated with nanoporous gold (NPG) which exhibited 
anti-biofouling properties. The anti-biofouling property of NPG was investigated using 
electrochemical techniques and showed excellent signal retention in physiological concentration 
of albumin proteins. The novel study targets at developing robust enzyme free biosensor by 









I wish to thank my advisor, Dr. Sudipta Seal, for offering the support and challenge on 
various projects during my course of study and research at UCF. With his motivation and guidance, 
it was impossible to settle with anything less than my best efforts. I would also like to extend my 
gratitude to all the committee members, Dr. Hyoung J. Cho, Dr. Helge Heinrich, Dr. Lei Zhai and 
Dr James Harper for providing their valuable time for this dissertation.  
I am thankful to Swetha Barkam and Dr. David Reid for the conceptual discussions on 
innumerable occasions, for instrumentation and practice presentations. It was a pleasure working 
with Craig J. Neal, Rameech McCormack, Dr. Tamil Selvan, Dr. Soumen Das, Ankur Gupta, 
Ernesto Barazza, Manuel Giraldo, Dr. Virendra Singh, and Dr. Amit Kumar. I would like to 
acknowledge all the colleagues in the Surface Engineering and Nanotechnology Facility (SNF) for 
their cooperation and support. I would like to extend my sincere gratitude to Dr. Hyoung J. Cho 
for vision and providing guidance for the development of enzyme free biosensor. I would like to 
thank Dr. Michael Leuenberger for providing valuable insights and mentoring throughout the 
development of water splitting catalyst. I am thankful to Dr. Prabhu Doss Mani for guiding me 
and mentoring me through the clean room training. I am thankful to Matthew McInnis for excellent 
discussion on GARMOR project and teaching me the GPC instrumentation.  
I am thankful to Materials Characterization Facility (MCF) at AMPAC, UCF for offering 
the characterization facilities required for conducting this research work. I am thankful to the 
engineers at MCF, Kirk Scammon and Mikhail Klimov for helping at different stage of handling 
the instruments and preparing samples for characterization. I am thankful to Kari, Sandy, Karen, 
vii  
and Angie, at UCF for the administrative support during the course of my Ph.D. 
I would like to thank Dr. Bela Derecskei, Dr. Hongjun Zhou, Dr. Jo-Ann Schwartz and Dr. 
John Marsella from Air Products and Chemicals Inc. for their excellent mentoring and indulging 
me in scientific discussions on nanoparticle dispersion and characterization. I would like to thank 
the funding agencies NSF NIH GARMOR, and Air Products without their financial support the 
work would not have been possible. I would also like to thank College of Graduate Studies at 
University of Central Florida for awarding me Graduate Dean’s Fellowship and Graduate Research 
Excellence Fellowship. 
I am thankful to the several organizations such as Materials Research Society, American 
Vacuum Society, The Mineral, Metals and Materials Society, ICACC for giving me the 
opportunity to present my research to the scientific community during their annual technical 
meetings.  
Most of all, I would like to express my greatest gratitude to my parents (Mr. Shyam Sunder 
Saraf and Mrs. Vandana Saraf), sister (Dr. Anviti Saraf) and fiancé (Swetha Barkam) for their 
undivided support throughout my work.  
 
viii  
TABLE OF CONTENTS 
LIST OF FIGURES ...................................................................................................................... xii 
LIST OF TABLES ..................................................................................................................... xviii 
1. CHAPTER ONE: INTRODUCTION ................................................................................... 1 
1.1. Cerium oxide nanoparticles ........................................................................................... 1 
1.1.1. Biomedical applications of CNPs: ........................................................................ 2 
1.1.1.1. Reactive oxygen species: ................................................................................... 3 
1.1.1.2. Nitric oxide radical ............................................................................................ 5 
1.1.1.3. Enzymatic mimetic activity of CNPs: ............................................................... 6 
1.1.2. Catalytic activity of CNPs and its Ce3+/Ce4+ ratio: ............................................... 8 
1.1.2.1. Varying Ce3+/Ce4+ by modulating the size of CNPs .......................................... 9 
1.1.2.2. Varying Ce3+/Ce4+ by different synthesis route ............................................... 10 
1.1.2.3. Varying Ce3+/Ce4+ by modulating solution properties ..................................... 12 
1.2. Detection of Oxidative Stress in Physiological Condition .......................................... 15 
1.2.1. Electrochemical Biosensors ................................................................................ 16 
1.2.1.1. Recent advances in biosensor: ......................................................................... 17 
1.2.1.2. Challenges in biosensing in in-vivo or in-vitro media ..................................... 20 
1.2.2. Hydrogen Peroxide Biosensor ............................................................................. 21 
1.2.2.1. Enzyme based H2O2 biosensor ........................................................................ 21 
1.2.2.2. H2O2 biosensor based on metal oxide nanoparticle ......................................... 22 
1.2.2.3. H2O2 biosensor based on metal nanoparticle ................................................... 22 
ix  
1.2.2.4. H2O2 biosensor based on carbon ..................................................................... 23 
2. CHAPTER TWO: IN-SITU CHARACTERIZATION OF CNPs USING 
SPECTROELECTROCHEMISTRY ............................................................................................ 24 
2.1. Introduction ................................................................................................................. 24 
2.2. Materials and Methods ................................................................................................ 25 
2.2.1. Materials: ............................................................................................................. 25 
2.2.2. Synthesis of cerium oxide nanoparticles: ............................................................ 25 
2.2.3. Preparation of pH buffer solution........................................................................ 25 
2.2.4. Designing of spectroelectrochemical setup ......................................................... 26 
2.3. Results and Discussion ................................................................................................ 26 
2.4. Conclusion ................................................................................................................... 29 
3. CHAPTER THREE: ELECTROCHEMICAL STUDY OF NANOPOROUS GOLD 
REVEALING ANTI-BIOFOULING PROPERTIES ................................................................... 30 
3.1. Introduction ................................................................................................................. 30 
3.2. Results ......................................................................................................................... 33 
3.2.1. Morphology, surface chemistry and area characterization of planar gold and 
NPG: 33 
3.2.2. Planar gold and NPG response in Biofouling solution ....................................... 37 
3.2.3. NPG response in higher concentration of BSA ................................................... 39 
3.2.4. Regeneration of the peak current ........................................................................ 42 
3.2.5. Electrochemical Impedance spectroscopy (EIS) on the electrodes ..................... 42 
3.2.6. Post regeneration electrochemical activity of NPG ............................................ 45 
3.2.7. Release kinetics of fluorescein ............................................................................ 47 
3.3. Discussion ................................................................................................................... 48 
x  
3.4. Conclusion:.................................................................................................................. 51 
3.5. Experimental Section .................................................................................................. 52 
3.5.1. Materials .......................................................................................................... 52 
3.5.2. Apparatus ......................................................................................................... 52 
3.5.3. Fabrication of planar gold and NPG ................................................................ 53 
3.5.4. Electrochemical testing .................................................................................... 53 
3.5.5. Release kinetics Fluorescein ............................................................................ 54 
4. CHAPTER FOUR: ENZYME FREE DETECTION OF H2O2 ON CERIUM OXIDE 
COATED NANOPOROUS GOLD ELECTRODE IN BIOFOULING CONDITIONS ............. 55 
4.1. Introduction ................................................................................................................. 55 
4.2. Experimental Section .................................................................................................. 58 
4.2.1. Materials .............................................................................................................. 58 
4.2.2. Particle Synthesis & Characterization ................................................................. 58 
4.2.3. CNPs physical properties characterization .......................................................... 58 
4.2.4. Determination of catalase activity of CNPs ........................................................ 59 
4.2.5. Biosensor Fabrication .......................................................................................... 59 
4.2.6. Anodic electrodeposition of cerium oxide on gold electrode: ............................ 59 
4.2.7. Electrochemical Testing ...................................................................................... 60 
4.2.7.1. Electrochemical electrode cleaning ................................................................. 60 
4.2.7.2. Electrochemical sensing of H2O2: ................................................................... 60 
4.2.7.3. Electrochemical testing of sensor in biofouling conditions ............................. 61 
4.3. Results and Discussion ................................................................................................ 61 
4.3.1. CNP Physicochemical Characterization.............................................................. 61 
xi  
4.3.2. CNPs Electrochemical Characterization ............................................................. 64 
4.3.3. Ceria coating on gold electrode:.......................................................................... 70 
4.3.4. H2O2 sensing in biofouling media ....................................................................... 71 
4.4. Conclusions ................................................................................................................. 73 
5. CHAPTER FIVE: CONCLUSIONS ................................................................................... 75 
APPENDIX A: COPYRIGHT PERMISSION LETTER FOR FIGURE 3 .................................. 78 
APPENDIX B: COPYRIGHT PERMISSION LETTER FOR FIGURE 4 .................................. 81 
APPENDIX C: COPYRIGHT PERMISSION LETTER FOR FIGURE 5 AND TABLE 2 ........ 83 
APPENDIX D: COPYRIGHT PERMISSION LETTER FOR FIGURE 6 .................................. 85 
APPENDIX E: COPYRIGHT PERMISSION LETTER FOR FOR RELEVANT 
PUBLICATIONS UPON WHICH THIS DISSERTATION IS BASED ON IN PART .............. 87 
APPENDIX F: LIST OF RELEVANT PUBLICATIONS ........................................................... 90 




LIST OF FIGURES 
 
Figure 1: Schematic showing the reaction pathway of SOD enzyme engaging in disproportionation 
reaction with superoxide radical resulting in the formation of oxygen and hydrogen peroxide. [50]
..........................................................................................................................................................4 
Figure 2: Schematic depicting the reaction pathway of reactive oxygen species forming H2O2 
catalyzed by SOD enzyme and its subsequent reaction with catalase or peroxidase enzymes to 
obtain water and oxygen. [51] .........................................................................................................5 
Figure 3: Reactive oxygen species scavenging and surface regeneration properties of cerium oxide 
nanoparticles. H2 O2: Hydrogen peroxide; ROS: Reactive oxygen species.[57] ...........................7 
Figure 4: Schematic of cerium oxide lattice showing the atomistic model and the madelung energy 
distribution in CNPs.[58] .................................................................................................................9 
Figure 5: Shows the variation in lattice parameter (left) and lattice strain (right) as a function of 
size of CNPs calculated from Williamson-Hall plots generated from XRD spectra. It is apparent 
that both curve shows a decreasing trend which was ascribed to the formation of oxygen vacancies 
owing to high surface energy at lower CNPs size. The formation of oxygen vacancies leads to 
formation of higher Ce3+/Ce4+ ratio.[30]........................................................................................10 
Figure 6: XPS of core level Ce(3d) in CNPs syntheized by two different routes as represented by 
sample A and sample B. It is apparent that sample A has higher Ce3+ concentration as compared 
from sample B. [40] .......................................................................................................................11 
Figure 7: Shows the TEM, hydrodynamic size, zeta potential and UV-Vis characterization of CNPs 
in batch-1 (non-aggregated) and batch-2 (aggregated). TEM of CNPs in batch-1 showing the 
xiii  
nanoparticles of size ~5-7 nm and CNPs in batch-2 indicating aggregation state of CNPs. The 
hydrodynamic diameter increases substantially as a result of reduced zeta potential in batch-2 due 
to aggregation. The UV-Vis spectra illustrating the mixed valence state in CNPs. The loss of 
intensity around 298 nm in CNPs of batch-2 indicating change in surface chemistry due to 
aggregation. While a coating of polyacyrlic acid on CNPs (PAA-CNPs) exhibits similar spectrum 
as non-aggregated CNPs in batch-1, indicating that coating of PAA preserved the surface 
chemistry of CNPs. ........................................................................................................................13 
Figure 8: UV-Visible spectra of four different synthesis of cerium oxide nanoparticles. CNPs 
corresponding to WB1 and PEG-CNPs have a higher Ce3+ concentration which was determined 
using XPS. CNPs corresponding to WB2 and Dex-CNPs have a higher Ce4+ concentration. It is 
apparent that surface chemistry is significantly different after phosphate treatment due to 
origination of peak at 271 nm indicating phosphate adsorption on CNPs. [61] ............................15 
Figure 9: Comprehensive list of conditions associated with rise of oxidative stress in human 
body.[63] ........................................................................................................................................16 
Figure 10: Schematic depicts the immune response on foreign body for instance implantable 
biosensor, which results in the adsorption of biomolecules on its surface leading to fast 
deterioration of signal response. ....................................................................................................21 
Figure 11: Demonstrates the UV-Visible spectra of CNP1 from 220 nm to 600 nm at different 
working electrode potentials vs Ag/AgCl electrode. It was noticed that absorbance increased at 
both 290 nm and at higher wavelength which indicates that relative concentration of Ce4+ has 
increased when working electrode was applied a positive potential. ............................................27 
Figure 12: Shows the voltage, current and absorbance as a function of time. Absorbance for CNP1 
xiv  
(Ce3+/Ce4+ = 0.3) was monitored at 290 nm while for CNP2 (Ce3+/Ce4+ = 1.3) it was monitored at 
255 nm as CNP2 has predominantly Ce3+. Right bottom curve shows a zoom in of current vs time 
in both CNP1 and CNP2 to pronounce the Ce3+ to Ce4+ peak and highlight the differences between 
CNP1 and CNP2. ...........................................................................................................................28 
Figure 13: Shows the size and the surface chemistry characterization of NPG. Fig. 11a. shows the 
SEM image of the NPG electrode depicting the nanoporous structure in and its inset shows the 
high resolution image. Fig. 11b shows the size distribution of the nanopores measured from the 
SEM image. Fig. 11c showed the XPS spectra acquired before and after the etching process .....34 
Figure 14: CV of planar gold and NPG in 10 mM H2SO4 to estimate the electrochemical surface 
area. Figure 2b is the CV of both electrodes in presence of 10 mM ferri/ferro redox probe depicting 
a reversible behavior. .....................................................................................................................36 
Figure 15: CV of the planar gold and NPG electrodes in 2 mg/ml BSA solution. Figure 3a shows 
the CV of planar gold electrode demonstrating the continual degradation of the peak current and 
within 8 minutes the redox current was indistinguishable from the background current. Figure 3b 
shows the CV of NPG electrode which did not show almost constant peak current over the time. 
Figure 3c shows the peak current as a function of time. Figure 3d shows the peak separation as a 
function of time ..............................................................................................................................39 
Figure 16: CV of NPG in different BSA concentration. Figure 4a and 4c shows the CV in 16 mg/ml 
of BSA. Figure 4b and 4d shows the CV in 25 mg/ml of BSA. Figure 4a and 4b shows the 
degrading peak current with time progression. Figure 4c and 4d shows the regeneration of the peak 
current. ...........................................................................................................................................41 
Figure 17: Nyquist plots of planar gold and NPG in biofouling solutions. Figure 5a shows the EIS 
xv  
spectra of planar gold in 2 mg/ml BSA showing continual increment in the impedance of the 
electrode. Figure 5b shows the EIS spectra of NPG in 16 mg/ml BSA solution, showing a decrease 
in the impedance after 140 minutes. Figure 5c and 5d denotes the trend in the circuit resistance 
element in case of PG and NPG respectively. Figure 5e and 5f shows the electrical circuit model 
used to fit the Nyquist plots ...........................................................................................................44 
Figure 18: CV of the NPG electrode after the recovery of the faradaic current incubated in 16 
mg/ml BSA. It shows the subsequent declination in the current with the progression of CV cycles. 
Figure 6b shows the ratio of anodic and cathodic peak current before and after the recovery. It 
shows the rapid declination of anodic peak current after the recovery phenomenon. ...................47 
Figure 19: Shows the stacked fluorescence intensity of fluorescein as a function of incubation time 
in three different BSA solution of concentration 2 (black), 16 (red) and 25 (green) mg/ml. ........48 
Figure 20: The anodic peak current in NPG incubated in different BSA concentration. All peak 
currents are normalized to the initial peak current when not incubated in BSA. Figure 8b shows 
the idle time required for NPG electrode to recover the peak current with analytically calculated 
amount of BSA adsorbed. ..............................................................................................................51 
Figure 21: CNP (Left to Right, CNP1, 2, 3) size Characterization (TEM images) with insets 
illustrating crystallinity (all scale bars are 20nm). All formulations show aggregation due to the 
high reactivity of NP surfaces. Images show well-formed, individual crystallites. Further these 
images highlight the crystallinity of these particles through the clear presence of lattice 
fringes. ...........................................................................................................................................63 
Figure 22: (a) Catalase Assay. Activity was greatest for CNP1 followed in descending order of 
activity by CNP2 and 3. (b) CV for all CNP preparations (1mM H2O2 and CNPs), cathodic peak 
xvi  
current (inset). The inverse relationship between Ce3+/Ce4+ ratio and catalase activity holds for 
CV. Additionally, an anodic peak present for all formulations shows a positive relationship 
between Ce3+/Ce4+ ratio and current. However, this peak was determined to be non-amperometric.
........................................................................................................................................................64 
Figure 23: Current Dependence on Scan Rate for CNP-Hydrogen Peroxide reaction at Reduction 
peak. Linear fitting of the peak reduction current vs. the inverse of scan rate produces an R2 value 
of 0.99. This is evidence that the CNP-H2O2 reaction is diffusion limited at -0.23V. ..................67 
Figure 24: CA with addition of Competitive species and H2O2. Addition of competitive species 
causes no change in current. However, addition of H2O2 causes immediate (response time ~400ms) 
amperometric response with each addition. ...................................................................................69 
Figure 25: Amperometric response of H2O2 sensing due to CNP1 and CNP3 plotted as a function 
of concentration. Linear regression analysis corresponding to both formulations show a high 
correlation (R2 > 0.9). Slopes of these lines represent sensitivity of detection with CNP3 having 
greater sensitivity indicating higher catalysis of H2O2 by lower ratio of Ce
3+/Ce4+. .....................69 
Figure 26: Amperometric response of electrodeposited coatings due to H2O2 addition acquired at 
constant potential of -0.3 V vs Ag/AgCl under stirring conditions. 1 ml of H2O2 was added in a 
continuous interval of 20 seconds. 10 mins electrodeposited coating showed the highest change in 
reduction current and more sensitivity towards each addition of H2O2. ........................................71 
Figure 27: CA response from H2O2 addition to CeO2-PG and CeO2-NPG coatings in biofouling 
solution consisting of 2 mg/ml BSA protein in 10 mM PBS buffer solution. The response from 
CeO2-PG electrode decreased to insignificant levels of 0.5 nA, whereas CeO2-NPG electrode 
depicted a consistent decrease in current response with a significant signal change in the order of 
xvii  




LIST OF TABLES 
 
Table 1 highlights the biological catalytic studies of CNPs as a function of its surface 
chemistry. .........................................................................................................................................8 
Table 2: Depicts the relative concentration of Ce3+ in CNPs lattice determined using XPS, showing 
the increase in concentration with decrease in size.[30] ................................................................10 
Table 3: Increasing peak separation, ΔE (V) due to biofouling in PG and NPG electrode as function 
of incubation time in BSA solution ...............................................................................................42 
Table 4: Summarizes the hydrodynamic size, diameter from (TEM), morphology, zeta potential 





1. CHAPTER ONE: INTRODUCTION1 
1.1. Cerium oxide nanoparticles 
Cerium belongs to the group of rare earth metals and is known to exist in two different electronic 
states Ce3+ and Ce4+. There are various precursors available corresponding to both ions with their 
nitrate salts found the most applications in literature. Widely available cerium (III) nitrate has been 
used extensively as a precursor material in synthesis of nano sized cerium oxide[1-3], 
electrolyte[4-7]and cathode[8-10] for solid oxide fuel cell, sol-gel coatings[11], etc. Traditionally 
the nitrate salt of Ce4+ ions ceric (IV) ammonium nitrate (CAN) has been broadly used as a catalyst 
and reagent in organic synthesis serving the role of oxidant.[12-15] Additionally cerium oxide 
nanoparticles (CNPs) have also been synthesized using CAN precursor.[16, 17] The precursor 
selection to synthesize CNPs plays a significant role in governing the surface chemistry of cerium 
oxide nanoparticles which will be discussed later in the chapter.  
The catalytic properties of cerium ion is also translated in its oxide which exhibits a fluorite crystal 
structure. It has been used extensively in various applications such as chemical mechanical 
polishing slurries (CMP) [18-20], gas sensors[21-24], catalyst[25-27], solid oxide fuel cell[4, 5, 
10], etc. In CMP slurry cerium oxide particles are often used in the size range (0.1 µm to 1 µm) 
and polishing is carried out at room temperature. Ceria based CMP slurry exhibits a much better 
polishing selectivity with less polishing defects as compared to silica based CMP slurry.[28] The 
                                                          
1 The work presented in section 1.2.1 and 1.2.2. has been published in Barkam, S., Saraf, S., & 
Seal, S. Wiley Interdiscip Rev Nanomed Nanobiotechnol, 5(6), 544-568. (2013). Reproduction 
has been permitted by © 2013 WILEY.  
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exact mechanism behind this catalytic effect is still a topic of current research. The mechanism 
behind ceria role in other catalytic activity is due to its oxygen buffering capacity at higher 
temperatures allowing it to undergo a dynamic transition between Ce4+ and Ce3+. It is important to 
state that ceria does not exhibits these catalytic activity at room temperatures. However, recently 
it was shown that the nanoparticles of cerium oxide exhibits catalytic properties pertinent to 
biological applications at room temperatures.[29] The presence of Ce3+ and Ce4+ in CNPs is well 
documented using X-ray photoelectron spectroscopy (XPS).[16, 21, 30-35] The mechanism 
behind the presence of dual oxidation states in CNPs is ascribed to the oxygen vacancies formed 
due to presence of defects.[30] These defects are induced by the lattice imperfections due to high 
surface area in nanometer scale ceria leading to the formation of oxygen vacancies.[1, 33]. Thereby 
CNPs exhibit Ce3+ and Ce4+ oxidation states to maintain electro-neutrality arising from oxygen 
vacancies in its lattice.[30] In recent years, CNPs are being explored as artificial antioxidants [36-
39] for biomedical applications and have demonstrated enzymatic mimetic activities.[40-43]  
1.1.1. Biomedical applications of CNPs: 
Various toxicity studies in in vivo and in vitro media have demonstrate that CNPs illustrate 
successful tissue prevention from radiation damage [1], and retinal damage induced by laser [44]. 
In addition, CNPs have also exhibited successful applications which include reduction in chronic 
inflammation[39], spinal injury[32], promotion of angiogenesis[31] and an increase in counts of 
photoreceptor cells[45]. The underlying mechanism is ascribed to its antioxidant property which 
results from its ability to modulate between the valence states Ce3+ and Ce4+ under 
oxidation/reduction environment.[1] It has been noticed that further reduction in CNPs size leads 
to an increased catalytic activity.[30] The effective biological activity of CNPs is due to its 
3  
enzymatic mimetic activity. It has been demonstrated that CNPs mimics enzyme activity similar 
to superoxide dismutase (SOD) and catalase enzymes. These enzymes are responsible for a 
maintaining a critical balance of reactive oxygen species (ROS). If there is any shortage of these 
enzymes it will result in excess ROS production which will cause oxidative stress leading to 
pathological disorder. Other than ROS, reactive nitrogen species (RNS) are also known to be 
associated with the pathogenesis of a variety of diseases.[46] It has been demonstrated that CNPs 
can also scavenge excess nitric oxide radical which is the primary molecule responsible for RNS 
species production.[42]  
1.1.1.1. Reactive oxygen species: 
Reactive oxygen species (ROS) is a term representing oxygen based species having both radicals 
and nonradicals. Radical species which include include superoxide (O2
·-), hydroxyl (OH·), peroxyl 
(RO2
·), and hydroperoxyl (HO2
·) are typically very reactive as it contains an unpaired electron. 
Nonradical species include oxidizing agents, such as hydrogen peroxide (H2O2), hypochlorous 
acid (HOCl), and ozone (O3) which does not have unpaired electrode and more stable than radical 
species. Both of these species are present in a biological cell and are product of normal metabolism. 
These species are involved in critical processes such as reactions involving enzymes, electron 
transport in mitochondria, transduction of signal, nuclear transcription factors activation, gene 
expression, and the antimicrobial action from neutrophils and macrophages.[47] Under normal 
circumstances, the biological cells have a reducing environment preventing ROS mediated damage 
due to the presence of antioxidant. Naturally occurring antioxidants are enzymes and chemicals 
such as superoxide dismutase (SOD), catalase, glutathione peroxidase, glutathione, ascorbate, 
alpha-tocopherol, and thioredoxin are responsible for maintaining the critical reducing 
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environment inside cell.[47] The formation of radical species starts from the oxygen molecule 
(dioxygen; O2). The reason for formation of radical species is ascribed to the quantum restriction 
of “spin forbidden” state, thus ground state oxygen can only accept one electron which leads to 
the creation of radical oxygen species. [48] The addition of one electron to oxygen leads to the 
formation of superoxide radical O2
·-, which is highly reactive and when present in excess quantities 
it could potentially react with different types of enzymes leads to their deactivation. The removal 
of excess O2
·- is carried by superoxide dismutase enzyme (SOD) [49]. The disproportionation 
reaction between SOD enzyme and O2
·- leads to the formation of H2O2 and O2 by the following 
reaction pathway Figure 1: Schematic showing the reaction pathway of SOD enzyme engaging in 
disproportionation reaction with superoxide radical resulting in the formation of oxygen and 
hydrogen peroxide. [50]: 
 
Figure 1: Schematic showing the reaction pathway of SOD enzyme engaging in disproportionation 
reaction with superoxide radical resulting in the formation of oxygen and hydrogen peroxide. [50] 
H2O2 formed has lesser oxidizing reactivity as compared to superoxide radical. Enzymes such as 
catalase reacts with H2O2 to form oxygen and water. Another enzyme such as peroxidase also plays 
an important role in reducing H2O2 to water, however it uses using different reductants compounds 
5  
such as glutathione, ascorbate, thioredoxin, and phenolic compounds. The whole process of 
reactive species formation and its reaction with different enzymes is summarized below (Figure 
2):  
 
Figure 2: Schematic depicting the reaction pathway of reactive oxygen species forming H2O2 
catalyzed by SOD enzyme and its subsequent reaction with catalase or peroxidase enzymes to 
obtain water and oxygen. [51] 
Any disruptions in this cycle results in the misbalance between antioxidant and ROS concentration 
leads to oxidative stress and resultant oxidative injury. The oxidative stress is the leading cause of 
different pathological disorders, such as cancer, neurodegenerative diseases, infertility, diabetes, 
cardiovascular diseases, arthritis and aging.[52] Since the superoxide radical is extremely reactive 
it reacts spontaneously with enzyme or with other cellular constituents if present in excess 
quantities leading to the formation of H2O2. Due to less reactivity of H2O2, it can cross cell 
membranes easily. Thus, the oxidative stress can be quantified by quantitative detection of H2O2.  
1.1.1.2. Nitric oxide radical 
The nitrogen containing reactive nitrogen species (RNS) are similar to ROS and produced due to 
natural metabolism in a cell. Similarly, like ROS, RNS in excess quantities can also cause damage 
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to biomolecules such as proteins, DNA, and lipids and could lead to diseases such as 
atherosclerosis and neurodegenerative disorders. One of the major species in RNS is peroxynitrite 
(.ONOO−) which is formed due to reaction between superoxide (O2˙−) with nitric oxide radical 
(˙NO).[53] This free radical appears in a gaseous state and displays both advantageous and 
destructive biological effects. Its parent species, nitric oxide plays an important role by acting as a 
messenger molecule such as neurotransmitter [54], and regulates physiology of cardiovascular 
[42]. Nitric acid is found to not many toxic effect in in-vivo media, however, recent studies 
ascribed the toxicity is due to formation of highly oxidative peroxynitrite radical. Thereby, the 
toxicity arises from ONOO−  not so strong oxidizing agents ˙NO nor O2˙−and can rapidly oxidize 
biomolecules. [42, 55, 56] 
1.1.1.3. Enzymatic mimetic activity of CNPs: 
The biomedical applications of CNPs is possible due to its enzymatic mimetic activity. It has been 
demonstrated that it can exhibit SOD [40], and Catalase activity[41]. Figure 3 shows the atomistic 
mechanism behind its SOD enzymatic mimetic activity which also demonstrated the regeneration 
aspect of cerium oxide nanoparticle. Additionally, it can also scavenge nitric oxide radical.[42] 
The scavenging ability of ROS species by CNPs is confirmed using electron paramagnetic 
resonance (EPR) measurements.[43, 50] The quantification of SOD mimicking activity of the 
CNPs is done by using competitive assay against cytochrome c assay. The results indicated that 
CNPs having a higher ratio of Ce3+/Ce4+ has more SOD activity as compared to CNPs having 
lower ratio Ce3+/Ce4+.[43] It was also demonstrated that hydrogen peroxide was formed during the 
SOD catalyzing reaction. The kinetics measurement indicated that CNPs of size of 3–5 nm has a 
slightly higher rate constant as compared to SOD enzyme (with rate constants of 3.6 × 109 M–1 s–
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1 and (1.3–2.8) × 109 M–1 s–1, respectively). These results indicate that surface chemistry of CNPs 
i.e. Ce3+/Ce4+, surface coating, etc. has a pivotal role in determining its enzymatic activity. Table 
1 summarizes the findings on the effect of Ce3+/Ce4+ on its enzymatic properties.  
 
Figure 3: Reactive oxygen species scavenging and surface regeneration properties of cerium oxide 
nanoparticles. H2 O2: Hydrogen peroxide; ROS: Reactive oxygen species.[57] 
The reactivity of two different preparations of CNPs with significantly different Ce3+/Ce4+ ratios 
are compared and shown in Table 1. These particles have been used extensively in studies 
concerning biomedical applications. One of the major observation from the catalytic activity was 
that CNPs having higher concentration of Ce3+ at the nanoparticle surface, demonstrate more SOD 
mimetics. On the other hand, CNPs having higher Ce4+ exhibit higher catalase mimetic activity. 




Table 1 highlights the biological catalytic studies of CNPs as a function of its surface chemistry.  
Catalytic activity CNP high Ce3+/Ce4+ CNP low Ce3+/Ce4+ Size (nm) 
SOD mimetic Yes No 3-5 
Catalase mimetic No Yes 8-16 
NO Scavenger No Yes 5-10 
OH Scavenger Yes No 5-10 
1.1.2. Catalytic activity of CNPs and its Ce3+/Ce4+ ratio:  
The catalytic properties are dependent on the crystallographic orientation and the available surface 
area on CNPs. Previous experiments have established that the family of planes belonging to (100) 
[33] in CNPs demonstrated the maximum catalytic activity.[58] Therefore, varying the 
crystallographic orientation of exposed surfaces in CNPs can lead to different catalytic activity. 
This has been shown by varying its morphology which in turn can be varied by the preparation 
route. [58] Figure 4 shows the atomistic model of CNP lattice; with large spheres representing Ce 
atoms and small spheres representing the oxygen atoms. The Madelung energy distribution is 
showed by the red and blue color coding which represents low and high energies. Madelung energy 
is the measure of the energy required to break bond thus an indication of the catalytic activity. 
Thus, regions with higher madelung energy results to less catalytic activity and vice-versa. It can 
be seen that (100) planes have more concentration of red spheres as compared to (111) planes, thus 
providing more catalytic sites for reaction.[58] The other prominent parameter to vary the catalytic 
activity of cerium oxide is the Ce3+/Ce4+ ratio in CNPs. This section discusses various routes to 
obtain desired Ce3+/Ce4+ in CNPs which can be varied by using different approaches such as 
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reducing the size of nanoparticle, usage of different oxidizer in the artificial synthetic route of 
CNPs, usage of different surfactant in CNPs and its solution properties. 
 
Figure 4: Schematic of cerium oxide lattice showing the atomistic model and the madelung energy 
distribution in CNPs.[58] 
1.1.2.1. Varying Ce3+/Ce4+ by modulating the size of CNPs 
It has been demonstrated that the surface chemistry of CNPs can be tuned by changing its diameter. 
This change can be brought by increasing the time of synthesis, temperature or precursor 
concentration. Studies have shown decreasing lattice strain with increasing particle size. There are 
two different ways to achieve strain relaxation either by lattice expansion and lattice distortion. At 
larger grain sizes, the lattice strain is relaxed more by lattice expansion phenomenon as compared 
to lattice distortion. The formation of oxygen vacancies is not favorable as it doesn’t create the 
same effect which is caused by lattice expansion. On the other hand, as the size reduces ~10 nm, 
the loss of even one oxygen atom creates a very high lattice strain results in larger lattice relaxation 
is observed. Some strain in the lattice is relieved by lattice expansion and lattice distortion, 
however this relaxation is still not complete and some remains. Figure 5 shows the lattice strain 
and stress as a function size of CNPs. Table 2 demonstrates the ratio of Ce3+/Ce4+ as a function of 
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size indicating a substantial increase resulting from lower size of CNPs. 
 
Figure 5: Shows the variation in lattice parameter (left) and lattice strain (right) as a function of 
size of CNPs calculated from Williamson-Hall plots generated from XRD spectra. It is apparent 
that both curve shows a decreasing trend which was ascribed to the formation of oxygen vacancies 
owing to high surface energy at lower CNPs size. The formation of oxygen vacancies leads to 
formation of higher Ce3+/Ce4+ ratio.[30]  
Table 2: Depicts the relative concentration of Ce3+ in CNPs lattice determined using XPS, showing 
the increase in concentration with decrease in size.[30] 
Particle size 3 nm 6 nm 30 nm 
Relative concentration of Ce3+ 0.44 0.29 0.17 
1.1.2.2. Varying Ce3+/Ce4+ by different synthesis route 
The ratio of Ce3+/Ce4+ in CNPs can be modulated by changing its size, which is due to the formation 
of oxygen vacancies at lower particle size. Similarly by changing the synthesis route it is possible 
to vary the amount of defects which results in different Ce3+/Ce4+. It has been demonstrated that 
are more defects can be artificially induced by selecting hydrogen peroxide (H2O2) in wet-chemical 
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synthesis route resulting in higher concentration of Ce3+.[40] Conversely, concentration of Ce4+ 
will be in majority if ammonium hydroxide (NH4OH) is used as an oxidizer to synthesize 
CNPs.[41] Figure 6: XPS of core level Ce(3d) in CNPs syntheized by two different routes as 
represented by sample A and sample B. It is apparent that sample A has higher Ce3+ concentration 
as compared from sample B. [40]shows the representative spectra of CNPs having higher 
concentration of Ce3+ (sample A) synthesized using H2O2 and CNPs having higher concentration 
of Ce4+ (sample B) synthesized using NH4OH. The Ce3+/Ce4+ ratio can be calculated from the Ce 
(3d) XPS spectra by deconvoluting the spectra and taking the ratio between integrated peak areas 
from Ce3+ contribution and the integrated peak areas from Ce4+. Recently, it was demonstrated that 
by varying the parameters in hydrothermal synthesis, one can vary the surface chemistry and also 
the morphology of the particles.[59]  
 
Figure 6: XPS of core level Ce(3d) in CNPs syntheized by two different routes as represented by 
sample A and sample B. It is apparent that sample A has higher Ce3+ concentration as compared 
from sample B. [40] 
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1.1.2.3. Varying Ce3+/Ce4+ by modulating solution properties 
The aggregation of CNPs induced by ionic concentration or change in pH could also affect the 
UV-Vis spectrum of CNPs having mixed valence states, the absorption maxima close to 298 nm 
and 250 nm corresponds to +4 and +3 valence state respectively.[60] The intensity of absorption 
maxima is directly proportional to the concentration of the corresponding species as stated by 
Beer-Lambert’s law (A= εcl, where ε is the molar absorptivity, c is the concentration and l is the 
path length). The UV-Vis spectra of CNPs in batch-1, batch-2 and PAA-CNPs as shown in Figure 
7 depicted the local absorption maxima at wavelengths 298 and 250 nm indicating the presence of 
mixed valence states in CNPs. The spectrum of batch-2 CNPs exhibited a decrease in the intensity 
of absorption at 250 nm and an increase at 298 nm as compared to that of batch-1 suggesting partial 
transformation of cerium in +3 to +4 state. Thus aggregation induced by reduction in zeta potential 
in batch-2 altered the surface chemistry of CNPs. On the other hand the UV-Vis spectrum of PAA-
CNPs is quite similar to that of CNPs in batch-1 signifying the preservation of the surface 
chemistry due to coating of PAA. 
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Figure 7: Shows the TEM, hydrodynamic size, zeta potential and UV-Vis characterization of CNPs 
in batch-1 (non-aggregated) and batch-2 (aggregated). TEM of CNPs in batch-1 showing the 
nanoparticles of size ~5-7 nm and CNPs in batch-2 indicating aggregation state of CNPs. The 
hydrodynamic diameter increases substantially as a result of reduced zeta potential in batch-2 due 
to aggregation. The UV-Vis spectra illustrating the mixed valence state in CNPs. The loss of 
intensity around 298 nm in CNPs of batch-2 indicating change in surface chemistry due to 
aggregation. While a coating of polyacyrlic acid on CNPs (PAA-CNPs) exhibits similar spectrum 
as non-aggregated CNPs in batch-1, indicating that coating of PAA preserved the surface 
chemistry of CNPs.  
The hydrodynamic diameter of CNPs in batch-1 obtained from DLS was slightly bigger as 
determined from TEM image analysis. This difference in diameter arises from the adsorption of 
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nitrate ions on CNPs and the associated double layer of CNPs dispersed in aqueous solution. The 
size of CNPs in batch-2 obtained from both techniques indicated a state of aggregation. The zeta 
potential of CNPs in batch-1 is 36 mV as compared to 23 mV upon dilution in batch-2 as shown 
in Figure 7. The conductivity of the batch-1 solution is 3.15 mS/cm which increased to 37.6 mS/cm 
in batch-2 solution. Conductivity is a linear function of the ionic concentration of solution, 
indicating more ionic concentration in batch-2 as compared to batch-1. The results suggest that the 
aggregation of 1000 times diluted CNPs are caused by fluctuations in ionic concentration which 
shows the extreme susceptibility of CNPs towards the change in dispersion media. The aggregation 
in batch-2 alters the ratio of oxidation states of CNPs which is noticeable from the UV-Visible 
spectrum shown in Figure 7. Polyacrylic acid coated CNPs (PAA-CNPs) are found to prevent this 
aggregation and still preserve the surface chemistry of CNPs.  
Another study showed that incubation of cerium oxide nanoparticles in phosphate buffer leads to 
a change in its oxidation state, and the degree of interaction is again dependent on the concentration 
of Ce3+. UV-Visible spectra of CNPs before and after their interaction with phosphate ions is 




Figure 8: UV-Visible spectra of four different synthesis of cerium oxide nanoparticles. CNPs 
corresponding to WB1 and PEG-CNPs have a higher Ce3+ concentration which was determined 
using XPS. CNPs corresponding to WB2 and Dex-CNPs have a higher Ce4+ concentration. It is 
apparent that surface chemistry is significantly different after phosphate treatment due to 
origination of peak at 271 nm indicating phosphate adsorption on CNPs. [61] 
1.2. Detection of Oxidative Stress in Physiological Condition 
Oxidative stress is term coined for an imbalance between reactive oxygen species and the enzyme 
concentration leading to an increase of the former species. These ROS species are produced in 
normal metabolism, however their rates are increased under certain pathological conditions.[62] 
Toxicity corresponding to the excess reactive oxygen species (ROS) results in damages to proteins, 
DNA, tissue, etc,. It also leads to inflammation and subsequent cellular apoptosis.[52] Some of the 
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pathological conditions associated with oxidative stress are shown in Figure 9. Any increase in 
oxidative stress in human body could lead to critical conditions and thus a continuous monitoring 
of ROS species is required. Higher oxidative stress is typically treated by giving a dosage of natural 
or artificial antioxidants molecule.  
 
Figure 9: Comprehensive list of conditions associated with rise of oxidative stress in human 
body.[63]  
1.2.1. Electrochemical Biosensors 
Biosensors are devices used for detecting, measuring and monitoring analytes. The integrated 
interaction of a specific biological species with a physiological detector[64] produces a response 
that is typically transduced in the form of electrochemical, optical and mechanical signals. In an 
electrochemical biosensor, the analyte is detected on the basis of electrical output from redox 
reactions with a bio-receptor agent such as an enzyme, antibody, a whole cell or specific ligands. 
The bio-receptor is then connected to the electrode via a mediator, which improves the electron 
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transfer chemical reactions.[65] Interested readers are directed towards review papers on 
electrochemical biosensors  based on different combinations of mediators and bio-receptor 
agents.[66] In an optical biosensor, the interaction between the bio-receptor agent and the analyte 
modulates the emitted light using phenomenon such as absorbance, fluorescence, 
chemiluminescence, surface plasmon resonance, or changes in light reflectivity. This modulation 
of the emitted light is used to detect the analyte. A number of studies have successfully integrated 
optical biosensors in microfluidic devices  for in vitro applications.[67, 68] However, there is 
limited success available in the case of implanting optical biosensors as they need 
spectrophotometers for measuring the emitted light, which have not been miniaturized to date[69]. 
Electrochemical biosensors have been successfully miniaturized and implanted inside the body 
[66, 70-73] however their performance degrades significantly in in vivo conditions which is 
discussed later in this section. 
1.2.1.1. Recent advances in biosensor: 
Recent advances in nanotechnology have produced new avenues of research, including 
nanoporous coatings for anti-biofouling applications,[74] nanowires or nanoparticles modified 
sensing electrodes,[75-78] carbon nanotubes (CNTs) based electrochemical biosensors,[79] and 
nanoparticles for optical biosensors[68, 80, 81]. Nanoporous coatings exhibit resistance towards 
biofouling effect. One  such example is the application of diamond-like carbon coated nanoporous 
alumina [74]. Silicon based nanoarrays as biosensors are easy to fabricate owing to advances in 
MEMS technologies.[75, 78] However, in vivo studies are still required to examine its 
biocompatibility. Enzyme free sensing of glucose using Cu-CuO nanowires are reported to have 
good stability in in vitro conditions, but limited information is available regarding its in vivo 
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testing[76]. In another example,  the use of CNTs increased the electron transfer in reactions with 
biomolecules as they can easily reach the redox center of the molecules .[79] Yet limited 
information is available on the in vivo evaluation of such biosensors. In the case of optical 
biosensors, research is focused on emitted light in the infrared region. Lee et al.[82] demonstrated 
the use of the chemiluminescence property of peroxalate nanoparticles to image hydrogen peroxide 
in in vivo conditions with high specificity and sensitivity. A molar ratio of 60:1 of peroxalate esters 
to fluorescent dyes was used in the synthesis of these nanoparticles. Emission of the nanoparticles 
was observed in the range of 460-630 nm and imaging was achieved up to > 1 cm in the tissue. 
Hydrogen peroxide could be detected down to nano-molar concentrations. These nanoparticles 
exhibited high specificity towards hydrogen peroxide and did not react with other reactive oxygen 
species. Reaction of hydrogen peroxide with peroxalate polymer (present in the nanoparticles) 
generates an intermediate compound which excites the fluorescent dye. These nanoparticles were 
tested on deep tissues of mice and exhibited successful detection of exogenous hydrogen peroxide. 
The nanoparticles were additionally capable of detecting hydrogen peroxide in conditions of acute 
inflammation generated by activated macrophages and neutrophils in a lipopolysaccharide 
model.[82] Developments are being made in implantable biosensors for blood pressure 
measurements. One such example is a pressure sensor consisting of an optical fiber and a 
diaphragm to monitor blood pressure in in vivo conditions. In this study, biocompatible materials 
such as silica and polyimide are used to fabricate optical fibers and diaphragm respectively. The 
long term response was limited up to only 12 weeks, as layers of avascular and cellular fibrous 
scar capsules were developed which deactivated the biosensor.[83] To avoid such shortcomings, 
new generation pressure biosensors are hermetically sealed using biocompatible and 
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hemocompatible packaging.[84] Some of the commercially available implantable pressure 
biosensors were developed by CardioMEMS inc. which last for more than 120 months.[84] 
Non-invasive biosensors have been incorporated on soft contact lenses to monitor intraocular 
pressure and glucose levels in tears .[85, 86] Glucose levels in tears can be correlated to the glucose 
levels in blood, and this degree of correlation is unique for each individual.[87] Chu et al.[85], 
used 2-methacryloyloxyethyl phosphorylcholine (MPC) and polydimethyl siloxane (PDMS) 
polymers to fabricate contact lenses with integrated electrochemical devices. The electrochemical 
setup consisted of an inert platinum working electrode and an Ag/AgCl reference electrode. The 
working electrode was further modified by glucose oxidase to detect glucose. Ex vivo experiments 
were conducted on rabbit eyes to test the stability and biocompatibility of the device. The results 
demonstrated the successful operation of the device at a steady  state and avoided any possible 
mechanical and chemical irritation which can manipulate the level of glucose.[85] In another 
example, ocular biosensors were used to monitor intraocular pressure (IOP) by measuring the 
change in the corneal curvature. The assembly consisted of a MEMS pressure sensor encapsulated 
by PDMS forming a contact lens. The biosensor has been tested in in-vitro and in-vivo using rabbit 
and pig eyes respectively. The device had the same measurement precision as that of established 
instruments that measure IOP.[88] Additionally, wireless transmitters were  attached, and were  
tested on human eyes.[86]  
Biosensors based on invasive DNA have been developed, which can be used in conjunction with 
a glucose meter to determine the concentrations of such heavy ions. These sensors make use of 
metal-dependent DNAzymes which reacts with the heavy metal ions to release DNA-invertase 
conjugates. This results in hydrolysis of sucrose to glucose which thereby can be measured using 
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the glucose meter.[89] 
1.2.1.2. Challenges in biosensing in in-vivo or in-vitro media 
One of the biggest challenge for biosensor in an in-vivo or in-vitro is the fast signal degradation 
due to biofouling which requires frequent recalibration and replacement. These challenges are 
more pronounced for implanted biosensors which requires them to perform in in vivo conditions. 
They are considered to be foreign bodies which triggers an immune response, leading to the 
adsorption of proteins and phagocytic cells on the device.[71] The immune system triggers an 
inflammatory response resulting in the formation of reactive oxygen species, which break the 
proteins to form protein fragments, biofouling and thereby blocking the active sites of a biosensor. 
Figure 10 elaborates biofouling of implantable device in an in-vivo media, the process will be 
similar in an in-vitro media where biomolecules will adsorbed on surface, however there would 
not be an immune response. The differentiated macrophage cells are activated to secrete 
inflammatory mediators that fuse to form multinucleated foreign body giant cells. Finally, the 
fibroblast cells access the site and develops a collagenous fibrous capsule around the implant.[90] 
This leads to the formation of a diffusion barrier that restrains the analytes from reaching the 
sensing components of the biosensor. Artifacts are often created as a result of the inflammatory 
response, which generate glucose and oxygen species, thus disturbing real-time measurements. 
The initial acute inflammatory response typically lasts for 3-4 days, after which the healing process 
starts, leading to the formation of fibrotic layers around the device. The fibrotic layers separate the 
device from the body, thus rendering it inactive.[71] Currently, research is geared towards making 
the devices more selective, efficient, and biocompatible in in vivo environments.  
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Figure 10: Schematic depicts the immune response on foreign body for instance implantable 
biosensor, which results in the adsorption of biomolecules on its surface leading to fast 
deterioration of signal response.  
1.2.2. Hydrogen Peroxide Biosensor 
We have seen that excess ROS containing both radical and non-radical species, causes oxidative 
stress. It is well established that radical species will react spontaneously and hydrogen peroxide 
will be formed in that reaction. Thereby, oxidative stress can be determined by electrochemical 
detection of H2O2.  
1.2.2.1. Enzyme based H2O2 biosensor 
Enzyme based biosensor suffers from the problem of degradation and unreliable sensitivity.  
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1.2.2.2. H2O2 biosensor based on metal oxide nanoparticle 
Some metal oxide NPs such as MnO2, TiO2, Co3O4, CuO, and Cu2O NPs have demonstrated 
excellent electro-catalytic activity to H2O2. Biosensors based on these nanoparticles operate on the 
principle of electro-catalytic oxidation and needs to operate at high potential making it susceptible 
for oxidation of other species as well. For example, the MnO2 NPs and dihexadecyl hydrogen 
phosphate composite film modified electrode is used for the determination of H2O2 at an applied 
potential of 0.65 V (vs. saturated calomel electrode (SCE)) and a TiO2/multi-walled carbon 
nanotube modified electrode is employed to detect H2O2 at an applied potential of 0.4 V (vs. 
Ag/AgCl). A Co3O4 modified GCE for H2O2 determination at an applied potential of 0.42 V (vs. 
SCE) is also reported. The potentials reported above are significantly high as deemed to be safe 
for biological samples. Compared with other metal oxides, CuO seems to be a more suitable 
material for H2O2 sensing, and the CuO nanoleaf electrode shows an excellent electro-catalytic 
activity towards both the oxidation and reduction of H2O2. This modified electrode is operated at 
a potential of 0.1 V (vs. Ag/AgCl) for H2O2 detection. A CuO/Nafion modified electrode for H2O2 
detection is constructed, and in 0.1 M NaOH, this sensor exhibits a detection limit of 0.06 μM in 
the range of 0.15 μM to 9.00 mM at an applied potential of - 0.3 V (vs. SCE). A cuprous 
oxide/reduced graphene oxide modified electrode has also been produced for H2O2 sensing, and 
the sensor shows a wide linear range of 0.03–12.8 mM and a high sensitivity of 19.5 μA mM−1 in 
H2O2 detection. 
1.2.2.3. H2O2 biosensor based on metal nanoparticle 
Enzyme free biosensors for H2O2 typically uses metal nanoparticle-based enzyme-free H2O2 
sensors Metal NPs, especially transition metal NPs, are well-known as good catalysts due to their 
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ability to adopt multiple oxidation states and to adsorb other substances onto their surfaces. 
Moreover, owing to their nano-size, they display unique advantages of mass transport 
enhancement, high effective surface area and size controlled electrical activity, which are 
beneficial in improving determination performance for H2O2. [91] 
1.2.2.4. H2O2 biosensor based on carbon 
Carbon is one of the most widely used materials in electroanalysis and electro-catalysis. Two 
important types of carbon material, CNTs and graphene, have been widely used for chemical and 
biological sensing applications owing to their high surface area, high electrical conductivity, 
ability to accumulate analyte, alleviation of surface fouling, capability to make surface 
functionalization and electrocatalytic activity. Being hollow cylindrical tubes made entirely of 
carbon with extremely high aspect ratios (length/diameter), CNTs have one, two or several 
concentric graphite layers capped by fullerenic hemispheres. Numerous advantages of CNTs as 
electrode materials have been investigated for the analysis of H2O2. As a result, an 
MWCNTs/Nafion nanocomposite modified electrode is reported, which exhibits a strong and 
stable electrocatalytic response toward H2O2, and an enzyme-free H2O2 sensor using an 
MWCNTs/poly(3,4- ethylendioxythiophene) (PEDOT) film modified electrode is also presented 
[58]. At an applied potential of −0.5 V (vs. Ag/ AgCl), this MWCNTs/PEDOT electrode exhibits 
linear dependence on the H2O2 concentration in the range 0.1 to 9.8 mM. The electrochemical 
behavior of MWCNTs dispersed in polyethylenimine (PEI) is also studied, and the PEI/MWCNTs 
modified electrode shows an excellent electro-catalytic activity toward H2O2 as the redox potential 
of H2O2 is decreased by 0.35 V and 0.45 V, and the currents are also higher than those obtained 
with other dispersant agents such as Nafion, concentrated acids.[91]  
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2. CHAPTER TWO: IN-SITU CHARACTERIZATION OF CNPs USING 
SPECTROELECTROCHEMISTRY 
2.1. Introduction 
We have seen that the ratio of Ce3+/Ce4+ is one of the most important parameter of cerium oxide 
nanoparticle which governs its catalytic activity or oxygen buffering capacity. Currently, there are 
few techniques through which researchers have tried to quantify this ratio, namely XPS, EELS in 
TEM and XANES. However, sample prep in these techniques requires drying of CNPs, exposure 
to high energy X-rays or electron beam or long time exposure to ultra high vacuum (< 10-8 torr). 
These environmental conditions have proved to have changed the surface chemistry of CNPs. 
Moreover the catalytic activity of CNPs at room temperature exists in aqueous solution. For 
instance, CNPs are extensively researched for biomedical applications. It has been demonstrated 
that it exhibits enzymatic mimetic activities such as superoxide dismutase and catalase. The 
mechanism for catalytic activities was ascribed to its dynamic switching between Ce3+ and Ce4+ 
states due to oxidizing or reducing redox environment from reactive oxygen species (ROS). It was 
found later that CNPs having different Ce3+/Ce4+ ratios will act very differently and the dependence 
of catalytic activities on its surface chemistry i.e. Ce3+/Ce4+ is summarized before in Table 1. CNPs 
having higher concentration of Ce4+ are more catalase active which indicates it will react 
spontaneously with H2O2 as opposed to CNPs having higher concentration of Ce
3+. On the other 
hand CNPs having higher Ce3+ concentration will react spontaneously with superoxide radicals 
forming H2O2 as one of the product. Currently, there is no mechanism which could explain this 
significant finding as why different ratio of Ce3+/Ce4+ will react in a very different manner. Here, 
we have tried to explore spectroelectrochemistry as a way to determine the redox potential (E) as 
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a function of pH for CNPs having different Ce3+/Ce4+ which was established using XPS. Currently 
there are no literature available on in-situ characterization of CNPs. In this study, we have designed 
the spectroelectrochemical cell and modified the UV-Visible spectrophotometer setup. The 
measurements corresponding to electrochemical and optical were acquired simultaneously using 
potentiostat and UV-visible spectrometer, respectively.  
2.2. Materials and Methods 
2.2.1. Materials:  
Nano-pure diamond distilled water; 30% NH4OH, 30% Hydrogen Peroxide, Cerium nitrate hexa-
hydrate (trace metals basis, 99.999%), sodium phosphate dihydrate, sodium diphosphate 
monohydrate, acetic acid, sodium acetate, and hydrogen chloride were acquired from Sigma 
Aldrich; cerium oxide nanoparticles 20% colloidal suspension in water from Alfa-Aesar 
2.2.2. Synthesis of cerium oxide nanoparticles: 
A 5 mM solution of CNP1 is obtained by dilution of 20 wt% commercial CNPs acquired from 
Alfa Aesar in DI water. A 5 mM solution of CNP2 is synthesized using wet-chemical route wherein 
an appropriate amount of cerium nitrate hexahydrate was mixed with H2O2.  
2.2.3. Preparation of pH buffer solution 
Since CNPs have different binding affinity towards anions, it is important to reveal the ions 
composition for pH buffer system. pH 4 buffer was prepared using acetate ions, pH 6 and pH 8 
buffers were prepared using phosphate ions. 
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2.2.4. Designing of spectroelectrochemical setup 
The spectroelectrochemical cell was bought from CH instruments which consist of platinum grid 
as working electrode, platinum rod as counter electrode and Ag/AgCl 3M NaCl as reference 
electrode. Electrochemical measurements were acquired using Bio-Logic VSP potentiostat. UV-
visible spectroscopy measurements were acquired using Perkin-Elmer lambda 750 spectrometer. 
This particular model of spectrometer has two cells, one for reference cuvette and other one for 
sample cuvette. The experiment was setup by placing the spectroelectrochemical cell in sample 
cuvette containing pH buffer along with electrodes and reference cell contains the same pH buffer. 
The electrochemistry experiment is run simultaneously with UV-Visible spectra analyzer. 
Electrochemical polarization experiments were performed at different oxidation and reduction 
potentials vs Ag/AgCl reference electrode and corresponding wavelength scan was obtained at 
different polarization potentials. Two different sets of electrochemical experiments were 
performed, first one at constant potentials vs Ag/AgCl reference electrode, and wavelength scan 
is obtained at different potentials from 220 nm to 600 nm where CNPs depicts a strong peak. The 
other set of measurement was carried using linear sweep voltammetry and UV-visible 
spectrometer was set at a constant wavelength and the adsorption is monitored as a function of 
time.  
2.3. Results and Discussion 
CNP1 particles were dispersed in buffer solutions at pH 4, 6 and 8, using the mixing ratio of 100 
µl to 900 µl of the corresponding buffer solution. The working electrode which was a platinum 
grid was placed in the spectroelectrochemical cell which was in the path of light. The advantage 
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of this setup was that CNPs which were colliding with working electrode and if oxidized or reduced 
it will be captured by its optical absorption. Figure 11 shows the absorption spectra of CNP1 
particles before and after application in of positive potential (~1.5 V vs Ag/AgCl electrode) pH 4, 
6 and 8.  
 
Figure 11: Demonstrates the UV-Visible spectra of CNP1 from 220 nm to 600 nm at different 
working electrode potentials vs Ag/AgCl electrode. It was noticed that absorbance increased at 
both 290 nm and at higher wavelength which indicates that relative concentration of Ce4+ has 
increased when working electrode was applied a positive potential.  
The results demonstrated that the absorbance at 290 nm which is a peak corresponding to Ce4+ has 
increased which resulted from the application of constant polarization potentials held at positive 
potential vs Ag/AgCl electrode. Another observation was made that, particles precipitated after 
being held at positive polarization for extended periods. To identify the redox potential at which 
the change has started, a linear sweep voltammetry was conducted at a scan rate of 2 mV/sec and 
potential was ramped from 0 to 1.6 V vs Ag/AgCl and the absorbance at 290 nm was monitored 
for over 15 minutes. Electrochemical and optical results are showed in Figure 12. 
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Figure 12: Shows the voltage, current and absorbance as a function of time. Absorbance for CNP1 
(Ce3+/Ce4+ = 0.3) was monitored at 290 nm while for CNP2 (Ce3+/Ce4+ = 1.3) it was monitored at 
255 nm as CNP2 has predominantly Ce3+. Right bottom curve shows a zoom in of current vs time 
in both CNP1 and CNP2 to pronounce the Ce3+ to Ce4+ peak and highlight the differences between 
CNP1 and CNP2.  
Figure 12 demonstrated that absorbance of CNP1 at 290 nm decreases till ~350 sec after which it 
starts to increase indicating oxidation of Ce3+ to Ce4+ in CNP1 lattice. Potential reading at 350 sec 
was 700 mV while the peak maxima was located at around 1230 mV. Thereby it could be 
summarized that onset of Ce3+ oxidation starts at 350 mV and the equilibrium redox potential is 
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around 1230 mV for CNP1. In case of CNP2, absorbance was monitored at 255 nm which 
corresponds to the absorbance maximum of Ce3+. It was decreasing throughout the whole range 
indicating that CNP2 are prone oxidation even at low voltages. This also correlates to the pourbaix 
diagram of cerium ions which mentions that oxidation potential will decrease with increase in Ce3+ 
concentration. Similar result was observed here, however the peak maxima was located at around 
560 secs which relates to a potential of 1120 mV. This indicates that equilibrium oxidation 
potential was lesser in CNP2 as compared to CNP1 which also exhibited more Ce3+ thus in a good 
correlation with pourbaix diagram.  
2.4. Conclusion 
In this study we have demonstrated the applicability of spectroelectrochemistry in determining 
redox potential of CNPs in different pH buffers. The differences in redox potential between two 
CNPs having significantly different Ce3+/Ce4+ ratio was easily observed. It was observed that the 
equilibrium oxidation potential in higher concentration of Ce4+ was at 1230 mV while it was much 
lower for higher concentration of Ce3+ which was located at 1120 mV.  
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3. CHAPTER THREE: ELECTROCHEMICAL STUDY OF 
NANOPOROUS GOLD REVEALING ANTI-BIOFOULING PROPERTIES2 
3.1. Introduction 
Biological devices operate in an environment naturally comprised of innumerate organic 
molecules such as proteins, lipids, polysaccharides, nucleotides, etc. Operation inside the 
biomolecular milieu makes these devices especially prone to biofouling. Biofouling refers to the 
accumulation of these organic molecules on the surface of devices and resulting in the loss of 
functionality. For instance, an implanted device can develop 0.5-9 μm thick layer of accumulated 
biomolecules in just 21 days post implantation.[92] Foreign body reactions can be initiated by 
cytokine adsorption to the device’s surface: leading to macrophage activation and  production of 
fibroblasts that crosslink to form a collagenous, fibrous capsule.[93] This fibrous capsule inhibits 
diffusion of analytes to the implanted device rendering it inoperable.[94] Biofouling is also 
prevalent in in-vitro systems and results in sensor drift, loss of sensitivity, and the need for frequent 
recalibration.  
In response, researchers have adopted several techniques which either inhibit or attenuate protein 
adsorption to rectify the mass transfer problems associated with biofouling. These approaches have 
involved chemical modification of surfaces, size selective exclusion of biomolecules using a 
porous membrane, modifying the topography of the device, etc.[95] In chemical modification, the 
device is coated with an ordered organic layer also known as a self-assembled monolayer 
                                                          
2 The work presented in chapter three has been published in Saraf, S., Neal, C. J., Park, S., Das, S., 
Barkam, S., Cho, H. J., & Seal, S. (2015). RSC Advances, 5(58), 46501-46508. Reproduction has 
been permitted by © 2015 RSC. 
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(SAM).[96] This approach is a popular solution due to its inherent simplicity as well as to the 
versatility afforded by the variety of usable polymer species. The SAM layer functions as a 
physical/chemical barrier preventing adsorption of protein, while allowing electron transfer to the 
underlying, sensing electrode. However this approach limits the operating environment of the 
device and is quite sensitive to precipitous changes in pH or redox potential through desorption of 
the SAM layer.[96] Additionally displacement of SAM molecules can occur due to competitive 
adsorption from organic species in the physiological environment leading to degradation of the 
SAM layer.[97] Another approach is centered upon the use of size selective membrane such as 
nafion based porous membrane which, in other studies, have shown an effective way to reduce 
biofouling by excluding particular biomolecules.[98] The membranes showed excellent protection 
in short term use. However, it suffers from mineralization, leading to stress cracking from protein 
adsorption in prolonged exposure.[74] More recently, the selective permeability of silicon 
nanoporous membranes were used to prevent biofouling.[99, 100] These did not suffer 
mineralization and could therefore be used for longer periods of time. However, addition of these 
extra features to electrodes, when sensing and actuation is needed, involves incorporation of 
additional complexity into device fabrication. We have incorporated the concept of nanopores into 
the use of gold electrodes and successfully demonstrated that a nanoporous gold (NPG) sensing 
electrode could still acquire amperometric signals in biofouling conditions.[101] Another study 
showed that nanoporoses in gold prevented the protein from getting inside pore cavities while 
allowing diffusion of small analyte molecules; thus generating redox signal.[102]  
NPG has shown remarkable catalytic activities and has already been implemented in chemical 
sensing. It has been established that NPG acts as a catalyst in the reduction of oxygen and hydrogen 
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peroxide in both aqueous and gas phase.[103-106] The cathodic current on NPG as compared to a 
planar gold surface was 14-times higher upon reduction of peroxide species.[107] Based on these 
results, enzyme free detection of peroxide by NPG has been reported.[104] Along with its use as 
an electrochemical biosensor, it has also been used as an immunosensor as well. Its large surface 
area to mass ratio was utilized to load higher quantities of antibodies which enabled picogram 
detection of cancer biomarkers.[108] Recently, NPG was shown to have  potential for use in drug 
reservoirs and was demonstrated to release analytes over several weeks.[109]  
Another advantage in using NPG is its relatively straightforward fabrication process and its direct 
use as an electrode without any additional treatment steps. It is typically fabricated using a 
dealloying treatment wherein an alloy of gold and silver is deposited followed by selective etching 
of silver.[110] The removal of silver from the gold matrix leaves behind a network of 
nanoporosities. The curvature in the nanoporosities results in a high density of atomic steps and 
kinks.[111] This atomic structure resembles that seen in catalytically active 3–5 nm gold 
nanoparticles and is the underlying reason behind its catalytic abilities. [111] Additionally an 
enhancement in signal is expected from nano-confinement effect wherein reactant molecules 
confined in nanopores, experience an augmented frequency of collisions with the electrode 
surface.  
Due to the potential of NPG for use in a variety of biological devices (such as biosensor, drug 
delivery reservoirs, etc.), we have studied and evaluated its susceptibility to biofouling in 
physiological concentrations of albumin. Albumin was chosen due to its relatively high abundance 
in blood (typically 35 to 50 mg/mL), strong surface charge, and its comparatively large overall 
size. A ferri/ferro redox probe was selected to study the available surface area and the diffusion of 
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small sized molecules in NPG nanoporosities in the presence of a biofouling layer. This study 
shows that NPG was successfully able to generate faradaic current signals when incubated in a 
protein solution. 
3.2. Results 
3.2.1. Morphology, surface chemistry and area characterization of planar gold and NPG:  
The fabrication of planar gold is achieved using the e-beam evaporation of gold on silicon. A gold 
and silver alloy is then electrochemically deposited and silver is subsequently etched out to form 
nanoporosities in the remaining gold layer. SEM images of NPG after the etching treatment are 
shown in Figure 13, and the inset shows a magnified version of the ligaments in the NPG. The 
SEM images of NPG display gold clusters 800nm in size separated by micro-scale cracks. These 
cracks are a common feature associated with the de-alloying treatment.[112] The pore size 
distribution curve shown in Figure 13 calculated for over 50 data points, indicates a mean pore 




Figure 13: Shows the size and the surface chemistry characterization of NPG. Fig. 11a. shows the 
SEM image of the NPG electrode depicting the nanoporous structure in and its inset shows the 
high resolution image. Fig. 11b shows the size distribution of the nanopores measured from the 
SEM image. Fig. 11c showed the XPS spectra acquired before and after the etching process 
Apart from the morphological characterization, the surface chemical composition of NPG i.e. the 
atomic ratio of silver to gold (X=Ag:Au), is computed before and after the de- alloying treatment. 
Surface chemical composition is an important parameter governing the morphology and quantities 
of nanopores and will also aid in attaining reproducibility for the fabrication of the NPG 
electrode.[110] The atomic ratio is computed from XPS spectra which were acquired before and 
after the etching treatment as shown in Figure 13. The peak centered at 90 eV corresponds to the 
Au(4f) binding energy and the peak in between 360 to 380 eV corresponds to Ag (3d) binding 
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energy. Due to the etching treatment the peak intensity corresponding to Au(4f) has increased and 
decreased in case of  Ag(3d). Relative atomic ratio is calculated from a detailed multiplex spectra 
of Au(4f) and Ag(3d) (not shown).  The atomic ratio, before and after etching treatment are 6 and 
0.214, respectively, showing a significant drop in the ratio; indicating a successful dealloying 
treatment with a low residual Ag content.  
The geometric diameters of planar gold and nanoporous gold (NPG) are the same which are 
roughly 5 mm. However, the actual surface area of NPG is much larger than its geometric surface 
owing to a large network of nanoporosities. The actual surface area of NPG is typically obtained 
by computing the charge transfer resulting from the reduction of gold oxide (AuO) and describes 
the electrochemically active surface.[113] This approach is most significant because it describes 
the electrode surface area via its electrochemical activity; resulting values describe an ‘effective’ 
surface area. Prior to surface area measurement, NPG was electrochemically cleaned using the 
procedure stated in experimental section. The electrochemical cleaning of gold is considered to 
yield the cleanest surface of any technique.[114] The consistency of cyclic voltammograms (CV) 
in subsequent cycles indicates a successful cleaning of the electrode. The surface area was then 
estimated from its CV curves in 10 mM H2SO4 solution where it exhibits Au oxidation and 
reduction peaks. The total charge transfer is obtained by integrating the peak corresponding to the 
gold reduction and the surface area is then estimated using the conversion parameter: 
390μC/cm2.[115] The surface area in the case of planar gold is expected to be same as its 
geometrical area. The CV curve of planar gold and NPG in 10 mM H2SO4 solution, as shown in 
Figure 14, shows peaks corresponding to the oxidation and reduction of Au. The peak located in 
the reverse sweep at 0.727 V and 0.835 V for planar gold and NPG respectively corresponds to 
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the reduction of the gold oxide. The integrated charge density in the case of NPG was almost 18 
times higher than that of planar gold indicating that the surface area of NPG is also 18 times higher 
than that of planar gold. Additionally, the peak current for the NPG electrode is almost 10 times 
higher than the planar gold electrode. Further, the CV curve is typical for a pure gold surface 
indicating that the residual Ag is not present at least on the surface of the electrode. 
 
Figure 14: CV of planar gold and NPG in 10 mM H2SO4 to estimate the electrochemical surface 
area. Figure 2b is the CV of both electrodes in presence of 10 mM ferri/ferro redox probe depicting 
a reversible behavior. 
The cleanliness of planar gold and NPG was investigated prior to biofouling experiment by 
analyzing the redox behavior of ferrocyanide. It is widely reported that the ferri/ferro redox probe 
exhibits well-resolved cathodic and anodic peak current for gold electrodes through fast electron 
transfer kinetics. Following experimental CV, peak separation (ΔEp) between the cathodic and 
anodic peak currents, resulting from the redox probe, is used to qualitatively express the 
cleanliness of the Au surface. Protein adsorption or general bio-fouling of the electrode will result 
in the decrease the peak current and increase the ΔEp. Gold electrodes can also be contaminated by 
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adsorption of organic impurities present in the testing environment.  
The experimental CV of planar gold and NPG is acquired in 10mM potassium ferri/ferro cyanide, 
dissolved in 10mM phosphate-buffered saline (PBS) solution and is shown in Figure 14. The 
standard redox potential of KHCF is estimated by the following relation, which is later used as the 
working potential in the impedance spectroscopy experiment, 








(= 1.03) and peak separation [ΔEp (~0.100V) (uncompensated)] on NPG electrode. 
In another observation, the ratio between the cathodic peak current from NPG and planar gold 
electrode (𝑖𝑝𝑐
𝑁𝑃𝐺/𝑖𝑝𝑐
𝑃𝐺) is 1.1. While the same cathodic peak current ratio corresponding to gold 
reduction in NPG and planar gold is ~10 as seen in Figure 14. The lower increase is attributed to 
the fast electron transfer kinetics in the case of the ferri/ferro redox probe resulting from the 
consumption of species on the top surface and less penetration of ferro/ferri redox species into 
nanoporous channels.[104] Thus, the peak current is dependent on the diffusion coefficient of the 
redox species. On the other hand, the peak patterns of gold oxidation and reduction are consistent 
with the slow transfer kinetics of surface confined redox species. Thus, the current is amplified by 
the higher surface area. 
3.2.2. Planar gold and NPG response in Biofouling solution 
In the laboratory, a biofouling environment is often simulated by using Human Serum Albumin 
(HSA) protein. It is the most abundant blood protein constituting nearly 50% of the total human 
blood plasma proteins. The typical physiological concentration of Albumin in human blood serum 
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varies from 35 mg/ml to 50 mg/ml. In this study, Bovine Serum Albumin (BSA) which has a 
similar structure and similar properties as HSA, is selected as a model protein to systematically 
study the biofouling in PG and NPG electrode. The electrodes biofouling resistance was initially 
tested by incubating them in BSA solution at a concentration of 2 mg/ml. The extent of biofouling 
on the electrodes is inferred from the charge transfer kinetics of the ferri/ferro redox probe. Any 
fouling on the electrode surface would lead to an increased degree of irreversibility and slow 
electron kinetics.[113] Therefore, the CV curves were acquired continuously for up to 50 minutes 
after the electrodes were immersed in BSA solution; shown in Figure 15a and Figure 15b. Figure 
15c shows the resulting peak currents with rapid degradation in the case of PG while no change in 
peak current was observed for NPG. The peak current in PG as reduced to 55% of its initial value 
within 7.5 minutes of incubation. The peak potential separation also increased, as shown in fig. 
3d, indicating a growing charge transfer resistance. Thus, the accumulation of BSA at the planar 
gold interface is increasingly blocking the surface; leading to higher charge transfer resistance. On 
the other hand, the biofouling in NPG over the same duration did not exhibit any decrease in the 
peak current (Figure 15c). Based on these promising results NPG was further tested in higher 
concentrations of BSA. 
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Figure 15: CV of the planar gold and NPG electrodes in 2 mg/ml BSA solution. Figure 3a shows 
the CV of planar gold electrode demonstrating the continual degradation of the peak current and 
within 8 minutes the redox current was indistinguishable from the background current. Figure 3b 
shows the CV of NPG electrode which did not show almost constant peak current over the time. 
Figure 3c shows the peak current as a function of time. Figure 3d shows the peak separation as a 
function of time 
3.2.3. NPG response in higher concentration of BSA 
Multiple NPG electrodes were fabricated using the same parameters and exhibited similar surface 
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area. These electrodes were then incubated in different concentrations of BSA. Specifically, the 
concentrations of BSA were varied from 2 mg/ml to 35 mg/mL, increasing the magnitude of 
biofouling and CV curve were obtained using the ferri/ferro redox couple. NPG incubated in a 
BSA solution with concentrations of 2 and 8 mg/ml did not exhibit any loss of peak current (data 
not shown). However, at higher concentrations of BSA, such as 16 and 25 mg/ml, the peak current 
starts to degrade as shown in Figure 16a and Figure 16b. The CV was conducted continuously for 
up to 45 minutes. The results indicate a trend of decreasing peak current with time and becoming 
more pronounced as the concentration of BSA was increased. In 16 mg/ml the peak current reduced 
to 70% of its initial value in 15 mins of exposure to BSA. At the end of 45 minutes the peak current 
had decreased to ~60%. In the case of 25 mg/ml the peak current reduced to 60% in 15 mins of 
exposure and to 23% at the end of 45 mins. In the case of 35 mg/ml, which is not shown in the 
figure, the reduction of peak current happened very fast and it depreciated to 8% and 4% at the 
end of 15 and 45 mins, respectively, of exposure. In all cases the reduction in peak current is 
accompanied by an increasing peak separation, as shown in Table 3, indicating an increasing 
degree of protein adsorption. 
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Figure 16: CV of NPG in different BSA concentration. Figure 4a and 4c shows the CV in 16 mg/ml 
of BSA. Figure 4b and 4d shows the CV in 25 mg/ml of BSA. Figure 4a and 4b shows the 











Table 3: Increasing peak separation, ΔE (V) due to biofouling in PG and NPG electrode as function 












0 0.237 0.137 0.112 0.109 
5 0.319 0.138 0.127 0.147 
15 0.488 0.141 0.135 0.466 
30 0.610 0.142 0.140 0.520 
45 0.757 0.144 0.148 0.604 
 
3.2.4. Regeneration of the peak current 
An interesting phenomenon was noticed with longer incubation periods in BSA solutions. NPG 
started showing regeneration of the peak current after it had degraded. After leaving the NPG 
electrodes idle at the open circuit potential, in the biofouling solution, regeneration of the peak 
current happened in all cases of BSA concentration. BSA concentration and regeneration time 
shows a positive, proportional relationship. The CV demonstrating recovery of the peak current is 
shown in Figure 16c and Figure 16d. NPG in 16 mg/ml recovered 80% of its peak signal in just 
400 minutes of idle time. When left idle overnight it regained 98% of its peak signal. In the case 
of 25 mg/ml the recovery was relatively slow and took ~50 hours to gain 96% of its peak current. 
In the case of 35 mg/ml the current recovered to 97% after 3 days had elapsed.  
3.2.5. Electrochemical Impedance spectroscopy (EIS) on the electrodes 
EIS was performed on planar gold and NPG at different incubation times in BSA solution to further 
investigate the biofouling features and the mechanism behind the regeneration of the peak current 
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in NPG. In EIS an AC potential of varying frequencies is applied to the electrode. At higher 
frequencies the impedance of the system results from the electron transfer process and at lower 
frequencies it is governed by a diffusion limited process.[116] The data analysis gives valuable 
information about the protein layer adsorbed on the electrode ; specifically, illustrating the change 
in electron transfer kinetics due to due to biofouling on electrodes[116-119]. Nyquist plots were 
obtained for electrochemically cleaned planar gold and NPG electrodes which were then immersed 
in BSA of concentration 2 mg/ml and 16 mg/ml respectively, along with 10 mM ferri/ferro redox 
probe. After incubation in BSA solution, electrodes were taken from solution and rinsed with de-
ionized water to remove any un-adsorbed BSA species. Data was then acquired by dipping the 
electrode in PBS buffer solution containing the ferro/ferri redox probe. Nyquist plots as shown in 
Figure 17a and Figure 17b, were obtained to monitor changes in charge transfer resistance due to 
BSA adsorption on the electrodes. The electrodes were biased to the formal potential of the redox 
probe which was calculated from the cyclic voltammetry data using equation 1. Nyquist plot 
obtained for both planar gold and NPG electrodes prior to biofouling were fitted using the Randles 
circuit as shown in Figure 17e. It is comprised of the following electrical components: solution 
resistance (R1), constant phase element (CPE1), charge transfer resistance (R3) and Warburg 
impedance (Ws). The electrical double layer is modeled using constant phase element (CPE1) due 
to inhomogeneities present on the electrode surface. Ws, represents the diffusion of ions from the 
bulk of the solution to the interface. The charge transfer resistance in the case of planar gold was 
computed to be 850 Ω and 680 Ω in the case of NPG electrode. 
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Figure 17: Nyquist plots of planar gold and NPG in biofouling solutions. Figure 5a shows the EIS 
spectra of planar gold in 2 mg/ml BSA showing continual increment in the impedance of the 
electrode. Figure 5b shows the EIS spectra of NPG in 16 mg/ml BSA solution, showing a decrease 
in the impedance after 140 minutes. Figure 5c and 5d denotes the trend in the circuit resistance 
element in case of PG and NPG respectively. Figure 5e and 5f shows the electrical circuit model 
used to fit the Nyquist plots 
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Two additional parameters were added to the Randles circuit to modelling the Nyquist plots 
obtained from the electrodes which underwent biofouling as shown in Figure 17f. These 
parameters are resistance (R2) and capacitance (C1) both corresponding to the adsorbed BSA film 
on the electrode surface.[119] Nyquist plots of PG and NPG after incubation in biofouling 
conditions for different durations, Figure 17(a and b). The diameter of the semicircles as seen in 
the Nyquist plots are a gives a rough measure of R3. In the case of the planar gold electrode, the 
diameter of the semicircle has increased exponentially indicating a similar trend in R3. While for 
NPG electrode, the diameter increased linearly up to 60 mins followed by a steep decline. The 
decrease in impedance after the idle time, corresponded with the recovery in the peak current as 
seen in the CV curves in Figure 17. Another noticeable difference was seen in the absolute 
impedance values which were almost 10 times less for NPG as compared to planar gold.  
The values of charge transfer resistance obtained through fitting are plotted as a function of time 
in Figure 17(c and d) for planar gold and NPG respectively. In the case of planar gold the resistance 
increased steeply up until 60 minutes, followed by a slower rate of increase. It did not exhibit any 
decrease in the resistance magnitude. NPG on the other hand depicted a linear increase in the 
resistance which started to decrease after it was left idle for longer time periods in BSA solution. 
Peculiarly, after leaving NPG idle for periods long enough to obtain peak regeneration, the 
impedance of NPG became similar to the initial impedance response. The fitted value of R3 after 
60 minutes was 11043 Ω which declined to 8063 Ω and 1638 Ω in 75 and 260 mins of idle time 
respectively. 
3.2.6. Post regeneration electrochemical activity of NPG 
The peak current in CV of NPG incubated in 16 mg/ml BSA solution after recovery showed a 
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decline in peak current with successive cycles (Figure 18a). The CV indicates that both anodic ipa 
and cathodic ipc peak current are decreasing, while the rate of declination is higher in the case of 
the anodic peak current. The ratio between anodic and cathodic peak current (X), for NPG before 
it was incubated in BSA solution remained consistent, around 1.1 (not shown). The ratio signifies 
a higher anodic peak current over cathodic peak current for the ferri/ferro redox probe. This 
indicates a quasireversibility signifying less reduction of the oxidized species. Interestingly, the 
ratio just after incubation in BSA solution (16 mg/ml) showed a constant decay with successive 
cycles of CV experiment, as shown in Figure 18(b). The initial drop in the ratio might have resulted 
from a decrease in the available electrochemical surface area due to BSA adsorption. The faster 
declination of the anodic peak current as compared to the cathodic peak current, might have 
resulted from the outward diffusion of the oxidized species from nanopores, and slow inward 
diffusion owing to the BSA layer. After the regeneration of peak current, the ratio X was restored 
to its original value, obtained before biofouling. The recovery of the peak current can be ascribed 
to the saturation of nanopores with redox species during the idle time. When the CV experiment 
is repeated, it leads to faster degradation in the ratio X. This likely occurs from the faster diffusion 
of species outside the pores while the inward diffusion is sluggish, due to accumulated BSA layer, 
resulting in slower replenishment of the ferri/ferro species. 
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Figure 18: CV of the NPG electrode after the recovery of the faradaic current incubated in 16 
mg/ml BSA. It shows the subsequent declination in the current with the progression of CV cycles. 
Figure 6b shows the ratio of anodic and cathodic peak current before and after the recovery. It 
shows the rapid declination of anodic peak current after the recovery phenomenon. 
3.2.7. Release kinetics of fluorescein 
The above mentioned experiments suggested that small sized molecules are able to diffuse through 
the adsorbed BSA layer. To substantiate this finding another experiment using a fluorescent 
molecule (fluorescein) was performed. A previous study showed that NPG could store these 
molecules in its nanopores and also studied its release kinetics in a PBS buffer solution.[109] Here 
the release kinetics will be affected, due to the adsorbed BSA layer. NPG was incubated in 2, 16 
and 25 mg/ml concentrations of BSA. The results are shown in Figure 19. 
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Figure 19: Shows the stacked fluorescence intensity of fluorescein as a function of incubation time 
in three different BSA solution of concentration 2 (black), 16 (red) and 25 (green) mg/ml. 
The Figure 19 shows a common feature of release kinetics: an initial burst release of fluorescein 
into the solution, common to all solutions of BSA. It is followed by different release kinetics 
behavior for all three BSA solutions. In 2 mg/ml the release was steady throughout the 
experimental duration. In 16 mg/ml release was delayed and jumped suddenly after ~1000 mins. 
Similarly, in case of 25 mg/ml a sudden increase in the release of fluorescein was observed at 
~2000 mins. The results indicated a delayed release of fluorescein after an initial burst release due 
to the formation of an adsorbed BSA layer. The delayed release of fluorescein is similar to the 
response observed in the CV experiments originating from the diffusion barrier induced by the 
porous nature of the adsorbed layer. 
3.3. Discussion 
Planar gold and NPG were tested for biofouling resistance using cyclic voltammetry and 
impedance spectroscopy. The gold interface readily adsorbs BSA protein which results in the 
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unfolding of BSA (denaturation) upon contact. The denaturation enables adsorption of multilayers 
of BSA through hydrophobic interactions of internal protein residues.[120, 121] In the case of 
planar gold, rapidly declining peak current in CV curves indicates a non-porous adsorbed BSA 
layer. NPG when incubated in same biofouling conditions as planar gold, demonstrates almost no 
loss of peak current which indicating a porous BSA layer. The porosity of the BSA layer might be 
due to its inability to enter the nanopores and forming a uniform film throughout the Nanoporous 
interface. The reason for this is twofold: similar dimension of nanopores and the BSA molecule 
and the double layer within the nanopores gives additional repulsive force to the like-charged, 
polarized BSA molecules. The phenomenon of double layer exclusion is widely reported in the 
case of nanostructured materials.[122] A thick, porous layer of BSA on NPG is expected as a result 
of the incubation in higher concentrations of BSA and is reflected in the continual declination of 
the peak current. The multilayer adsorption of BSA explains the formation of thick film which 
appears to be non-porous due to the regeneration of the peak current.  
The kinetics of peak current degradation when NPG is incubated in different concentrations of 
BSA can be seen in figure 8a. At first in the lower concentration of BSA, NPG did not show any 
peak current degradation, maintaining its signal throughout the incubated time period, which 
spanned longer than 24 hours. When NPG was tested in concentrations greater than 16 mg/ml it 
started to show time-dependent degradation in the peak current. The peak currents for BSA of 
concentrations of 16, 25 and 35 mg/ml are plotted against time in figure 8a and are best fitted 
using the exponential decay function: 
𝑖 = 𝑖𝑜𝑒
−𝑏𝑡 
Where “”" is peak current at time “t”, “io“ is the initial peak current and “b” is the decay 
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coefficient. The decay coefficient follows an increasing trend with BSA concentration of 16, 25 
and 35 mg/ml which are 0.011, 0.032 and 0.410 sec-1, respectively. The peak current is directly 
proportional to the square root of the diffusion coefficient of the ferri/ferro species as shown in 
equation 3.  







The degradation of peak current in CV experiments can be attributed to the reduction in the 
diffusion coefficients of ferri/ferro species through the BSA film formed due to biofouling. The 
diffusion coefficient is assumed to have an inverse relationship with the accumulated BSA, Q; as 
shown in equation 5. Substituting equation 3 and 4 results in the analytical expression shown in 
equation 6 which represents the BSA film formation as a function of time. Thus it can be reasoned 
that the proportionate amount of BSA is increasing exponentially with coefficient which is twice 














Figure 8(b) shows the proportionate amount of BSA adsorbed on NPG incubated in different 
concentration of BSA, as calculated using equation 7, versus recovery time. Each tested solution 
shows a similar trend: validating the hypothesis of diffusion across the BSA layer. The recovery 
time period allows ferri/ferro ions to diffuse into the nanopores as evidenced by the cyclic 
voltammetry result which shows regeneration of the peak current after the NPG electrode was left 
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idle in BSA solution. The necessary recovery time was greater for NPG incubated in higher 
concentration of BSA. 
 
Figure 20: The anodic peak current in NPG incubated in different BSA concentration. All peak 
currents are normalized to the initial peak current when not incubated in BSA. Figure 8b shows 
the idle time required for NPG electrode to recover the peak current with analytically calculated 
amount of BSA adsorbed. 
3.4. Conclusion: 
The effect of biofouling on nanoporous gold interface is evaluated and compared to planar gold 
using the electrochemical response of ferri/ferro redox probe. Nanoporous gold is fabricated by a 
dealloying route yielding nanopores of average size 25 nm. The actual surface area of the NPG 
electrodes was 18 times higher than planar gold for the same geometrical area. Under the same 
biofouling conditions using BSA protein, Planar gold showed complete passivation of its interface 
while NPG maintained electrochemically active interface regions. For higher concentration of 
BSA pertaining to the physiological concentrations, biofouling protein formed a denser, porous 
multi-layer film and resulting in slower diffusion of ions through this film. Using an established 
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analytical expression it was computed that the time required for the saturation of ions in the 
nanopores is directly proportional to the accumulated BSA. Therefore, NPG could be used in a 
biofouling environment and still allow the diffusion of smaller sized molecules. Due to this, NPG 
has a huge potential for use in biomedical devices. Potential applications include electrodes for 
biosensors, controlled drug delivery reservoirs, etc. 
3.5. Experimental Section 
3.5.1. Materials 
Potassium dicyanoargentate (98%) and potassium dicyanoaurate (98%) were obtained from Sigma 
Aldrich and used as precursors to electrodeposit silver and gold respectively. Nitric acid (1N), 
sulfuric acid (70%), potassium iodide (99.5%), iodine (99.8%), potassium ferrocyanide (99.9%), 
and Bovine serum albumin (BSA) (>96%) were obtained from Sigma Aldrich for electrode etching 
and testing. Triple distilled water (>18 Mohms) is used wherever required. 
3.5.2. Apparatus 
Zeiss Ultra-55 scanning electron microscopy (SEM) and 5400 PHI ESCA X-ray photoelectron 
spectrometer (XPS) were used to characterize the gold electrodes. VSP model potentiostat from 
Bio-Logic Science Instruments was used to acquire cyclic voltammograms and impedance spectra. 
The potentiostat is equipped with built in EIS analyzer with frequencies ranging from 10 μHz to 1 
MHz. Impedance spectra were fitted using the Z-View software. Fluorostar Omega, microplate 
reader was used to conduct the fluorescence studies. 
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3.5.3. Fabrication of planar gold and NPG 
A thin film of 5 nm Ti and 150 nm Au was deposited on an oxidized silicon wafer by e-beam 
evaporation. Planar gold electrodes were made by the patterning gold coated wafer through UV 
photolithography and chemical etching of Au and Ti using Au etchant (20 g KI and 5 g I2 in 200 
ml DI water) in sequence. Electrodeposition of white gold and silver alloy onto these planar gold 
electrodes was carried out by immersing them in a solution composed of 10 mM potassium 
dicyanoargentate salt combined with a 10 mM solution of potassium dicyanoaurate salt in the 
volumetric ratio of 3:1 and applying current density of 3.7 mA/cm2 for 20 minutes. Then 
nanoporous gold electrodes were fabricated through the de-alloying of the silver content in 
electrodeposited white gold layer by immersing the electrodes in concentrated nitric acid (70%) 
for 20 minutes.  
3.5.4. Electrochemical testing 
Cyclic voltammetry (CV) is used to electrochemically clean the electrode and in the analysis of 
the signal change due to biofouling of the electrode. A typical 3-electrode electrochemical setup 
composed of Ag/AgCl (saturated in 3M KCl) reference electrode, platinum mesh counter electrode 
and gold working electrodes was used throughout. All potentials were specified with regard to the 
reference electrode and were not compensated for solution resistance between the reference and 
working electrode. Prior to any measurements the gold electrode were electrochemically cleaned 
in 10 mM H2SO4 solution and performing CV between the potentials -0.3 to 1.6 V; at a scan rate 
of 100 mV/sec. An electrode was deemed cleaned when it showed consistent CV curves in 
subsequent cycles. The surface area of the electrode is estimated from the CV curves obtained in 
the same cleaning solution. The CV curves corresponding to surface activity and cleanliness of 
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electrodes are acquired in 10 mM K4[Fe(CN)]6 by cycling the potential between -0.3 to 0.7 V at a 
scan rate of 20 mV/sec. Electrochemical impedance spectroscopy (EIS) was performed in the 
frequencies ranging from 10 kHz to 100 mHz at the formal potential of the ferri/ferro redox couple 
as computed from the CV. 
3.5.5. Release kinetics Fluorescein 
NPG electrodes were first incubated for 1 hour in a 10 μM solution of 5-(and 6-)carboxy 
fluorescein, succinimidyl ester (Fluorescein) obtained from Fisher Scientific.  Electrodes were then 
dried followed by incubation in BSA solution of different concentrations. The release kinetics of 
Fluorescein in the BSA solution were measured from the fluorescence intensity at 518 nm when 
excited at 494 nm 
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4. CHAPTER FOUR: ENZYME FREE DETECTION OF H2O2 ON CERIUM OXIDE 
COATED NANOPOROUS GOLD ELECTRODE IN BIOFOULING CONDITIONS 
4.1. Introduction 
CNPs have been widely used in catalytic applications ranging from biomedical applications [123] 
chemical catalysis[40, 124-126] to semiconductor [127] processing and nearly every other corner 
of science and technology. Specifically, CNPs have been used in oxygen sensors [123], in 
capacitive devices [128], as a polish material in semiconductor fabrication [127], in sold oxide fuel 
cells [129], and in self-cleaning ovens [126]. The utility of ceria comes from its ability to 
interconvert between Ce3+ and Ce4+ redox states in presence of particular oxygen-containing-
species [124, 130] and to release/store oxygen by the formation/loss of oxygen vacancies in the 
crystal lattice. This reaction is catalytic and highly sensitive to physicochemical conditions such 
as pH, exposure to light, and storage time [131-133]. 
As ceria crystals decrease from the bulk to the nanoscale, high internal energy of the particles is 
decreased through the formation of defects: predominately oxygen vacancies at and near the 
particle surface [30].  Increase in oxygen vacancies for ceria nanoparticles (CNPs) results in a 
proportional increase in Ce3+ and an accompanying increase in lattice strain. This greater energy 
at the surface of the material provides a driving force for even wider span of reactions. These 
reactions result from the aforementioned surface states and are unique to the specific ratio of 
cerium redox states at CNP surfaces [30]. Due to this, the ratio of Ce3+/Ce4+ at the surface of CNPs 
is of great importance. In support of this, it has been reported that lower concentrations of Ce3+ 
versus Ce4+ produce greater catalase mimetic activity [125] and CNPs with greater Ce3+ had greater 
superoxide dismutase-mimetic activity [40]. Therefore, Ce3+/Ce4+ ratio can be tuned for a given 
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application by choosing specific CNP synthetic methods and solution chemical environments. This 
has been especially demonstrated in the case of biomedical applications [40, 134].  
CNPs undergo unique reactions with many biological radical species (ROS and reactive nitrogen 
species (RNS)) [40, 124, 130, 131, 134, 135]. In vivo, reactive oxygen species (ROS) are produced 
at sites of inflammation by immune cells and are byproducts of aerobic respiration [136]. 
Production of these species in the brain is especially deleterious, as the concentrations of chemical 
species are tightly regulated and separated from the lymphatic system by the blood brain barrier 
[[137]]. As a result, oxidative damage to cells occurs more easily and without significant policing. 
These conditions are notably prevalent in neurodegenerative diseases such as Parkinson’s and 
Alzheimer’s diseases and Fronto-temporal dementia [137]. Additionally, it has been shown that 
coating CNPs with different polymers can increase the biocompatibility of the particles without 
disrupting, and in some cases enhancing, their bio-catalytic activities [[133],[17],[138]]. Based on 
the pressing need for long-lived therapies and monitoring for these and related conditions, we 
submit that devices incorporating CNPs would be highly beneficial in sensor technology. This 
thinking is further supported by studies into CNP electrochemistry in presence of hydrogen 
peroxide. 
In previous studies, ceria has been successfully incorporated into biosensors, as a thin film formed 
directly on electrode substrates of varied materials [139, 140]. These studies demonstrate the 
ability of ceria to be used as a sensing element (indirectly) as well as a chemical-to-electrical signal 
transducer. In our study, enzyme-free ceria has been used as the primary analyte sensing element 
and signal transducer, in comparison with horseradish peroxidase (HRP)-based sensors. 
Implementing ceria in place of HRP removes the considerable drawback associated with enzyme-
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based devices. Specifically, enzymes are extremely sensitive to physicochemical conditions and 
denature with small changes to these conditions. Additionally, other studies using CNPs have 
produced thin films and have not correlated the catalytic activity in regards to its surface chemistry 
i.e. Ce3+/Ce4+. Using electrochemical characterization, a relationship between the redox state of 
cerium at the surface of CNPs and the particles’ current response is determined. Additionally, we 
conclude that the current produced by CNPs in presence of hydrogen peroxide is an amperometric 
response. 
In order to understand the role of Ce3+/Ce4+ in electrochemical detection of ROS, we have chosen 
three different CNP formulations (subsequently referred to as CNPs 1, 2 and 3) with decreasing 
Ce3+/Ce4+ across the different formulations. A gold working electrode was used due to gold’s high 
conductivity and its prevalence in electrochemical experiments [141, 142], Solutions of these 
particles were spiked with known concentrations of H2O2 and the electrochemical response 
monitored through cyclic voltammetry or chronoamperometry. Hydrogen peroxide was chosen as 
an analyte due to the fact that ROS species are highly unstable and many (such as O2
-, OH-) degrade 
to form the more stable hydrogen peroxide. Results of these experiments were then used to 
determine the correlation between amperometric signal and the varying catalase activity for each 
CNP formulation. Based on these results, a coating of cerium oxide is prepared by anodic 
electrodeposition and H2O2 sensing was carried in biofouling solutions consisting of 2 mg/ml BSA 
protein. 
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4.2. Experimental Section 
4.2.1. Materials 
Nano-pure diamond distilled water; 30% NH4OH, 30% Hydrogen Peroxide, Cerium nitrate hexa-
hydrate (trace metals basis, 99.999%), sodium phosphate dihydrate, sodium diphosphate 
monohydrate, sodium acetate, hydrogen chloride, and bovine serum albumin (BSA) were acquired 
from Sigma Aldrich; Cerium Oxide nanoparticles 20% colloidal suspension in water from Alfa-
Aesar 
4.2.2. Particle Synthesis & Characterization 
CNP1: Synthesized by dissolving and mixing an appropriate amount of cerium nitrate hexahydrate 
and 30% H2O2. CNP2: Alfa-Aesar CNPs were diluted using DI water, as required for given 
measurements. No other processing procedure was performed for these particles. CNP3: Wet-
chemical synthesis by mixing cerium nitrate hexahydrate with NH4OH in an appropriate 
concentration. The resulting particles precipitate which is separated from the solution and 
redispersed in acidic pH 4. 
4.2.3. CNPs physical properties characterization 
All CNPs were characterized for Ce3+/Ce4+ ratio using XPS (Physical Electronics (PHI5400 
ESCA) spectrometer with Al Kα X-ray source at 300W with a base pressure of 5x10-8 Torr. The 
optical properties of CNPs before and after mixing with H2O2 is determined using UV-Vis 
spectroscopy conducted at 1mM concentrations. Size and crystallinity of CNPs was determined 
using TEM. 
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4.2.4. Determination of catalase activity of CNPs 
Catalase activity of samples is measured using Amplex Red Hydrogen Peroxide/Peroxidase Assay 
Kit obtained from Invitrogen. The kit contains Amplex red reagent (10-acetyl-3,7-
dihydroxyphenoxazine) which reacts with hydrogen peroxide (H2O2) in the presence of horseradish 
peroxidase (HRP). The product formed in this reaction is resorufin which is detected using UV-
Visible spectroscopy having absorption maxima at a wavelength of 571 nm. 
4.2.5. Biosensor Fabrication 
A thin film of 5 nm Ti and 150 nm Au was deposited on an oxidized silicon wafer by e-beam 
evaporation. Planar gold electrodes were made by the patterning gold coated wafer through UV 
photolithography and chemical etching of Au and Ti using Au etchant (20 g KI and 5 g I2 in 200 
ml DI water) in sequence. Electrodeposition of white gold and silver alloy onto these planar gold 
electrodes was carried out by immersing them in a solution composed of 10 mM potassium 
dicyanoargentate salt combined with a 10 mM solution of potassium dicyanoaurate salt in the 
volumetric ratio of 3:1 and applying current density of 3.7 mA/cm2 for 20 minutes. Then 
nanoporous gold electrodes were fabricated through the de-alloying of the silver content in 
electrodeposited white gold layer by immersing the electrodes in concentrated nitric acid (70%) 
for 20 minutes. When not in use, the electrodes were stored in clear, plastic boxes at room 
temperature.  
4.2.6. Anodic electrodeposition of cerium oxide on gold electrode:  
Further the gold electrodes both planar and nanoporous gold were coated with cerium oxide using 
anodic electrodeposition. The solution bath consists of 0.1 M cerium nitrate (III) hexahydrate and 
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0.1 M of sodium acetate. The solution was purged with argon for 1 hour to completely remove the 
dissolved oxygen from the solution followed by pH adjustment to 6.1. Prior to coating gold 
electrodes were cleaned electrochemically and the surface area was also calculated using the 
procedure described in next section of electrochemical testing. Cerium oxide was deposited at a 
constant potential of 0.8 V vs Ag/AgCl for three different time periods 1, 5, & 10 mins. For each 
coating a fresh solution was used to ensure the starting concentration of Ce3+ ions are same.  
4.2.7. Electrochemical Testing 
4.2.7.1. Electrochemical electrode cleaning 
All potentials were referenced against Ag/AgCl electrode. Prior to any experimental measures, the 
Pt-mesh electrodes were electrochemically cleaned by cyclic voltammetry (CV) in 0.5M H2SO4 
and the potential range was swept between 1.6 and -0.5V for 50 cycles at 1V/s. The electrodes 
were considered clean when CV scans were consistent. Gold working electrodes both planar and 
nanoporous gold were cleaned using the same route with the potential was swept between 1.6 and 
-0.3V. The charge transfer calculated by area under the peak corresponding to Au reduction (~0.8 
V) was used to represent the electro-active surface area of the working electrode before 
experimental measurements. Measured current was then converted to current density using the 
electrochemically active surface area for comparison across multiple measurements.  
4.2.7.2. Electrochemical sensing of H2O2:  
Experimental CV was performed with 1mM CNPs (each with CNP1 and CNP2 formulations) 
dispersed in 10mL of DI water and a potential range of 0.8V to -0.3V at a scan rate of 20mV/s. 
H2O2 was then added at 0.01, 0.1, 1, 2.5, and 5mM concentrations. Electrodes were routinely 
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cleaned to ensure it is completely devoid of CNPs for comparison under similar conditions. The 
amperometric response was determined using chronoamperometry (CA) technique which was 
conducted at a constant potential of -0.3V, based on the redox activity implicated in CV scans, 
using 1mM CNPs 1, 2 and 3. Following the start of a measurement, the current was allowed to 
equilibrate for 30s. Then, measurement was run for 10 minutes with addition of analytes added by 
pipette in 100uL volume increments. Subsequently, thin film ceria-gold sensors were tested under 
identical conditions. Biosensor was evaluated using chronoamperometry performed at the same 
voltage as for CNPs in solution. Addition of H2O2 was done in 1ml increments following an 
electrochemical equilibration period of 30s.  
4.2.7.3. Electrochemical testing of sensor in biofouling conditions 
The biofouling conditions were mimicked using 2 mg/ml concentration of BSA protein in 1 mM 
PBS buffer. The amperometric detection of H2O2 was performed using the same experimental 
conditions as it is without biofouling agent.  
4.3. Results and Discussion 
4.3.1. CNP Physicochemical Characterization 
For this study, three different CNP formulations were produced by varied synthesis methods. XPS 
was performed for each of these to confirm differences in Ce3+/Ce4+ ratio. This ratio was found to 
decrease across the formulations from CNP1 to 3. Before comparing formulations of varied 
Ce3+/Ce4+ for electrochemical activity, the physicochemical properties such as particle size, 
morphology, and zeta potential for each CNP formulation was investigated as shown in Table 4. 
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Table 4: Summarizes the hydrodynamic size, diameter from (TEM), morphology, zeta potential 





Morphology Zeta Potential 
(mV) 
XPS (Ce3+/Ce4+) 
CNP1 ~375  3-5 Spherical 4.571 1.06 
CNP2 ~220 3-5 Spherical 3.245 0.39 
CNP3 ~180 3-5 Spherical 1.336 0.24 
 
Particle size and morphology obtained from DLS and TEM imaging were similar for all 
formulations. It should be noted that a small degree of aggregation is present in all solutions, 
producing larger hydrodynamic radii and decreasing the overall zeta potentials for each solution. 
However, this does not seem to have significantly impacted our findings. Figure 21 shows the 
TEM images of CNP formulation depicting spherical nanoparticles in size range ~5 to 10 nm 
particles. TEM images confirmed that the measured, large hydrodynamic radii arise from small 
individual nanoparticles exhibiting aggregation tendency in solution. Based on these results, we 
determine that the formulations show particles of comparable size, morphology, and zeta potential. 





Figure 21: CNP (Left to Right, CNP1, 2, 3) size Characterization (TEM images) with insets 
illustrating crystallinity (all scale bars are 20nm). All formulations show aggregation due to the 
high reactivity of NP surfaces. Images show well-formed, individual crystallites. Further these 
images highlight the crystallinity of these particles through the clear presence of lattice fringes. 
Catalase assays were performed for all CNP formulations (Figure 22a) and it was found that lower 
ratios produced greater catalase activity (i.e. activity increased from CNP1  3) due to the redox 
conversion of Ce4+  Ce3+, corroborating the findings of past studies. Given that particles from 
each formulation varied only in Ce3+/Ce4+ ratio and that catalase activity was found to vary with 
this ratio, we next performed optical and electrochemical studies to evaluate CNPs show reactivity 




Figure 22: (a) Catalase Assay. Activity was greatest for CNP1 followed in descending order of 
activity by CNP2 and 3. (b) CV for all CNP preparations (1mM H2O2 and CNPs), cathodic peak 
current (inset). The inverse relationship between Ce3+/Ce4+ ratio and catalase activity holds for 
CV. Additionally, an anodic peak present for all formulations shows a positive relationship 
between Ce3+/Ce4+ ratio and current. However, this peak was determined to be non-amperometric. 
4.3.2. CNPs Electrochemical Characterization 
Many electrochemical studies involving nanoparticle collisions with electrode surfaces utilize 
microelectrodes to record individual particle collisions primarily to determine particle 
concentration and catalysis.[143-146] For our study, we resolved to determine the electrochemical 
activity of similar character (size, shape, zeta potential) particles. Due to this, large magnitude 
particle flux at the electrode-solution interface is desirable; this was accomplished using a macro- 
working electrode for measurements. Consequently, a stepped current response characteristic of 
high particle flux was observed rather than the spike response observed in the case of 
microelectrodes (the sustained current response being due to higher CNP concentration and greater 
electrode surface area) [147,148]. Initially, to characterize the electrochemical behavior of each 
CNP formulation, CV was performed with 1mM CNPs and 1mM H2O2 for all formulations (Figure 
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2b.). CV scans were completely consistent by the third cycle (used for analysis), with subsequent 
cycles being largely similar (data not shown). Since the current does not change considerably with 
successive cycles, we determine that the observed current response does not arise from any side 
reactions in the solutions i.e. not from an ECE-type mechanism wherein an electrochemical change 
elicits a chemical reaction mediating a new current signal. The overall shape of the obtained CV 
curves were fairly similar across formulations, suggesting similar electrochemical reactions for all 
formulations [147]. The peaks common to all formulations occur at ~0 V (hereafter, peak 1), -0.23 
V (peak 2) and 0.4-0.7 V (peak 3) as shown in Figure 22. These are attributed to the CNP-mediated 
reduction of H2O2 (peaks 1 and 2) and the oxidation of the Au electrode (peak 3)
[ [141],[149]], 
respectively. 
CNPs with lower Ce3+:Ce4+ ratio have a more defined peak 1; this has been attributed to the initial 
reduction of H2O2
[[141]]. In contrast, the higher ratio CNP1 solution shows a more diffuse, wide 
peak at a similar potential; this behavior is consistent with complex catalysis mechanisms 
presented in literature. Specifically, the peak character suggests that reduction initially occurs, 
however, the catalysis is kinetically restricted for high Ce3+/Ce4+ formulations. Degradation of 
H2O2, for these formulations occurs very slowly, on the order of days for millimolar 
concentrations[[133]]. Additionally, it has been speculated that this diffuse peak represents a multi-
step reduction mechanism wherein radical oxygen species (such as superoxide) and/or oxygen are 
evolved and transiently adsorb at the electrode surface[21]. Peak 2 represents the complete reduction 
of H2O2. This peak is seen to be sharp and intense for lower Ce
3+:Ce4+ ratio CNP formulations 
indicative of a fast, diffusion-mediated reduction while higher ratio formulations show a more 
diffuse peak which seems to overlap with peak 1 (as detailed above). In similar work [13,[149]], this 
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cathodic peak was attributed to the CNP-mediated reduction of surface-complexed O2
2-/O2
- 
species. The high current increase seen for low ratio formulations was attributed to peroxy-
complexed CNPs functioning as nanoelectrodes by colliding with the working electrode and 
facilitating indirect electron transfers from the working electrode to adsorbed oxygen species [[148, 
149],[150]]. Particle contact with the conductive electrode resulting in degradation of the surface 
species occurs primarily through the following relationship, 
Ce4+:H2O2 Ce
3+ + H2O + O2 (1) 
according to a similar work[[149]]. The high current arises from the high surface coverage of the 
nanoparticles by the peroxy species: allowing for reduction of a large quantity of molecules near-
simultaneously. In support of this, in a study utilizing CNP collision with microelectrodes, 
individual CNP impacts were observable with dramatic increases in current seen for peroxide 
adsorbed particles relative to CNPs without H2O2 exposure
[[149]]. 
In agreement with catalase data, we observed that lower Ce3+/Ce4+ ratio formulations produced a 
nearly two-fold greater cathodic peak current density (determined by normalizing peak currents 
with respect to electrode electroactive surface area, described in the Experimental section) as 
compared to higher ratio formulations. Figure 20b details the relative peak current densities for 
each of the formulations. Lower ratio formulations better facilitate H2O2 reduction based on their 
oxygen release property. Oxygen release from the CNP lattice is believed to be more favorable for 
CNPs with higher Ce4+ than is for higher Ce3+ particles. This may allow for a more favorable 
reduction reaction by releasing reaction products at a higher rate: explaining the greater cathodic 
current density for CNP3 over CNP1 as well as the overall shape of the respective CV curves. 
Performing CVs at multiple scan rates and plotting the square root of each scan rate vs. the 
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corresponding peak current as shown in Figure 23, we determined that the CNP-mediated peroxide 
reduction reaction is diffusion-limited [147]. Because the reduction response is produced by 
nanoparticle flux at the electrode surface, the amperometric signal is dependent on the diffusivity 
of the nanoparticles, rather than of the peroxide species. 
 
Figure 23: Current Dependence on Scan Rate for CNP-Hydrogen Peroxide reaction at Reduction 
peak. Linear fitting of the peak reduction current vs. the inverse of scan rate produces an R2 value 
of 0.99. This is evidence that the CNP-H2O2 reaction is diffusion limited at -0.23V. 
Additionally, we saw the reverse trend for anodic current density with higher ratio formulations at 
peak 3 producing greater current density, similar to literature SOD activity trends[[125]]. This peak 
was attributed to Au oxidation and has been shown to be sensitive to hydrogen peroxide 
concentrations (details in Supplemental Information)[[141]]. However, no clear trend with H2O2 
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concentration was observed for this signal and therefore the signal could not be used for 
amperometric measure (S2.). From the present study, we cannot determine conclusively whether 
the observed oxidation reaction can be ascribed to CNP SOD activity.  
Due to the strong relationship between Ce3+:Ce4+ ratio and cathodic current, we determined to 
study the CNP-mediated H2O2 reduction current response. CA is more suited for quantitative 
measurements, such as these, over CV[[147]]. Therefore, the formulations with the least (CNP1) 
and greatest (CNP3) Ce3+/Ce4+ ratio were selected for further investigations to confirm the trends 
in current values observed in CV and to test the efficacy of the particles as an amperometric assay. 
CA was performed with several interfering species (glucose, uric acid, nor sodium nitrite) and with 
successive additions of 200 uM H2O2 to CNP1 and CNP3 formulations in dH2O (S3). None of 
interfering species produced any current change which is shown in Figure 24, suggesting strong 
selectivity towards the target analyte. Further, addition of interfering species and H2O2 did not 
produce any measurable response in absence of CNPs (data not shown). Upon addition of H2O2 to 
CNP solutions, an immediate (time of response: ~400 ms) amperometric response was observed 
(Figure 24). Comparing CA data for CNP1 formulation to CNP3 formulation shows significantly 
greater (> 125%) current values for CNP3, similar to the differences observed in CV measures as 
shown in Figure 25. 
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Figure 24: CA with addition of Competitive species and H2O2. Addition of competitive species 
causes no change in current. However, addition of H2O2 causes immediate (response time 
~400ms) amperometric response with each addition. 
 
Figure 25: Amperometric response of H2O2 sensing due to CNP1 and CNP3 plotted as a function 
of concentration. Linear regression analysis corresponding to both formulations show a high 
correlation (R2 > 0.9). Slopes of these lines represent sensitivity of detection with CNP3 having 
greater sensitivity indicating higher catalysis of H2O2 by lower ratio of Ce
3+/Ce4+. 
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4.3.3. Ceria coating on gold electrode: 
Based on the chronoamperometric results H2O2 sensing has a much higher response on a ceria 
surface chemistry having a lower Ce3+/Ce4+. A biosensor assembly requires ceria to be 
immobilized on the current collector surface, we have adopted anodic electrodeposition of cerium 
oxide using cerium nitrate solution mixed with acetate ions to prevent its hydrolysis. Anodic 
electrodeposition was carried using a constant potential at 0.8 V vs Ag/AgCl for different time 
periods. The surface chemistry evaluation of electrodeposited coating revealed a Ce3+/Ce4+ ratio 
of 0.34 which is very close to CNP3. Thus electrodeposited coating is a potential candidate to 
fabricate cerium oxide based biosensor.  
Electrodeposited coating can became very thick in a short duration of time which will inhibit 
current as cerium oxide being electrically insulating. Therefore, we first optimized the deposition 
time which lead to best amperometric signals. Chronoamperometric experiments were conducted 
in 10 mM PBS buffer solution which was continuously stirred using an over-head stirrer at 100 
rpm. 1 ml of 1 mM of H2O2 was added in 500 ml of solution which leads to a final concentration 
of H2O2 in the range of 1 µM. Figure 26 exhibited the CA response of three different 
electrodeposited coatings deposited for 1, 5 and 10 mins. Results indicated that electrodeposition 
for 10 mins resulted in the best coating suitable for amperometric detection of H2O2 at -0.3 V vs 
Ag/AgCl reference electrode.  
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Figure 26: Amperometric response of electrodeposited coatings due to H2O2 addition acquired at 
constant potential of -0.3 V vs Ag/AgCl under stirring conditions. 1 ml of H2O2 was added in a 
continuous interval of 20 seconds. 10 mins electrodeposited coating showed the highest change in 
reduction current and more sensitivity towards each addition of H2O2. 
4.3.4. H2O2 sensing in biofouling media 
In previous study we have demonstrated that nanoporous gold (NPG) is an effective substrate 
which will allow sensing in biofouling media. The mechanism behind its anti-biofouling properties 
was ascribed to the adsorption of biomolecules on the outside of NPG leading to a porous adsorbed 
layer. We have demonstrated that analytes molecules were able to cross the diffusion barrier and 
resulted in a voltammetric signal due to available sensing surface in the nanopores of NPG. Here 
we have extended our findings on optimized ceria coating on gold to form a coating on anti-
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biofouling surface of NPG. Same parameters were used to electrodeposit cerium oxide at 0.8 V vs 
Ag/AgCl for 10 mins on NPG and planar gold. The H2O2 sensing was carried in biofouling solution 
prepared by dissolving 2 mg/ml BSA protein in 10 mM PBS. All the other parameters were kept 
same as it was for previous experiment. Figure 27 demonstrated the CA response from successive 
H2O2 addition to CeO2-PG and CeO2-NPG electrodes in 2 mg/ml BSA solution in 10 mM PBS 
buffer. Results indicated that current response from CeO2-PG (black) almost became negligible 
as compared to CeO2-NPG electrode due to extensive poisoning of surface due to biofouling. Still 
a very small current change in (~ 0.5 nA) was observed which a significant decrement from 25 nA 
under non-biofouling conditions. NPG on the other hand showed very consistent change in current, 
a near-perfect staircase response ideal for biosensor. These exciting results signifies a potential 
H2O2 enzyme-free biosensor for physiological conditions which exhibit excellent response under 
biofouling conditions and has excellent selectivity over interfering species. 
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Figure 27: CA response from H2O2 addition to CeO2-PG and CeO2-NPG coatings in biofouling 
solution consisting of 2 mg/ml BSA protein in 10 mM PBS buffer solution. The response from 
CeO2-PG electrode decreased to insignificant levels of 0.5 nA, whereas CeO2-NPG electrode 
depicted a consistent decrease in current response with a significant signal change in the order of 
50 nA, 100X improvement over planar gold in signal intensity. 
4.4. Conclusions 
In this study, we have tested whether the observed trend in Ce3+/Ce4+ ratio for ceria nanoparticles’ 
(CNPs) catalase-mimetic degradation of H2O2 extends to electrochemical measurements. 
Specifically, this was accomplished by testing formulations of CNPs with varied Ce3+/Ce4+ ratios 
through use of catalase assay, cyclic voltammetry, chronoamperommetry, and electrochemical 
analysis. We found that, indeed, the electrochemical behavior mirrors that seen in catalase assay 
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and that lower Ce3+/Ce4+ ratio CNPs formulations are more capable of degrading H2O2. This was 
evidenced by a high cathodic current response from the particles upon addition of H2O2. Further, 
we investigated this finding as an optimized H2O2 assay through amperometric measure 
determination of H2O2 concentration. Linear regression analysis of the current response vs H2O2 
concentration revealed that for lower Ce3+/Ce4+ was significant (R2: 0.989). Regression analysis 
showed a high slope suggesting good sensitivity for the assay. We subsequently produced a cerium 
oxide electrodeposited on gold substrate as a biosensor, which showed the best current response 
corresponding to 10 minutes of electrodeposited coatings. This concept was extended to 
nanoporous gold substrate and it exhibited excelled amperometric response in biofouling media 
while planar gold degraded almost immediately. We have therefore fabricated an enzyme free 
biosensor based on CeO2 coating on NPG capable of detecting H2O2 in µM range in biofouling 
media. Our future work is concentrated on fine tuning the coating to allow detection in nM range 
of H2O2.  
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In this dissertation, a novel way to fabricate enzyme free biosensor to measure and quantify 
reactive oxygen species was presented. To achieve this an integration scheme of an electrode of 
substrate constituting of nanoporous gold (NPG) and detecting element constituting cerium oxide 
nanoparticles (CNPs) were used. The motivation to use CNPs in detecting reactive oxygen species 
started from its exciting biomedical applications where it showed therapeutic applications by 
acting as artificial anti-oxidant. The mechanism behind its catalytic property of CNPs is ascribed 
to its dynamic modulation between its valance state resulting in either oxidation or reduction 
environment. Due to large number of synthesis available resulting in CNPs with different 
Ce3+/Ce4+ ratios effectively modulating their catalytic activities. So the second chapter of this 
dissertation concerns with a new technique to determine this critical ratio in CNPs. The motivation 
for this work is due to the fact that most of the techniques used currently to determine Ce3+/Ce4+ 
such as XPS, and TEM, requires drying of CNPs in the sample preparation stage. This drying could 
affect the chemical states of the nanoparticle resulting in an artifact in the data. Another, widely 
used technique is UV-Visible spectroscopy, however the signal from Ce3+ is not always noticeable. 
Therefore, to fulfil the lack of available methodology to characterize Ce3+/Ce4+ in solution, I have 
demonstrated a novel way to correlate the Ce3+/Ce4+ ratio with the CNPs redox potential using a 
combination of electrochemistry and UV-visible spectrometer. CNPs were synthesized from 
various chemical routes and were characterized for the change in the Ce4+ concentration from UV-
Vis as a function of applied potential. The differences in redox potential between two CNPs having 
different Ce3+/Ce4+ ratio was easily observed. It was observed that the equilibrium oxidation 
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potential in higher concentration of Ce4+ was at 1230 mV while it was much lower for higher 
concentration of Ce3+ which was located at 1120 mV. The redox potential also helped in 
understanding the total energy change in its reaction with the ROS species.  
With the in-situ characterization of CNPs, the next step is the determination of appropriate 
substrate for the electrode assembly. Typically, the major issues with the biosensor is the rapid 
loss of functioning in biofouling media, limiting its lifetime in physiological media as compared 
to buffer solution. Here, we have conceptualized the use of nanopores in gold for size selective 
exclusion of biomolecules and allowing transport of small analyte molecules to the nanopores. To 
achieve this electrode of nanoporous gold substrate is fabricated by a dealloying route yielding 
nanopores of average size 25 nm with surface area 18 times higher than planar gold for the same 
geometrical area. First, NPG was tested against Planar gold in biofouling media using the 
electrochemical response of ferri/ferro redox probe. Under the same biofouling conditions using 
BSA protein, Planar gold showed complete passivation of its interface while NPG maintained 
electrochemically active interface regions. For higher concentration of BSA pertaining to the 
physiological concentrations, biofouling protein formed a denser, porous multi-layer film and 
resulting in slower diffusion of ions through this film.  
In the final chapter, a novel solution is demonstrated on integrating CNPs with the nanoporous 
gold substrate to achieve enzyme free detection of ROS species in biofouling media. To achieve 
this, a thin layer of cerium oxide is electrodeposited on NPG substrate as a biosensor, which 
showed the best current response corresponding to 10 minutes of electrodeposited coatings. This 
concept was extended to nanoporous gold substrate and it exhibited excelled amperometric 
response in biofouling media while planar gold degraded almost immediately. We have therefore 
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fabricated an enzyme free biosensor based on CeO2 coating on NPG capable of detecting H2O2 in 
µM range in biofouling media. Due to this, cerium oxide coated NPG has a huge potential for use 
in biomedical devices. Potential applications include electrodes for biosensors, controlled drug 
delivery reservoirs, etc. 
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